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M.J. Connerton. Natural Reproduction, Survival, Homing and Straying of Chinook Salmon in Lake 
Ontario, 268 pages, 18 tables, 30 figures, 2021. APA style guide used.  
 
Naturalization of a species requires self-sustaining populations without supplementation. Chinook Salmon 
are stocked into Lake Ontario to control non-native Alewife and provide a sportfishery worth $350 million 
to local economies. Hatchery stocking is often viewed by anglers and fisheries managers as the principal 
source of maintaining catch rates, thus, stocking decisions are controversial and set with limited information 
about contribution of wild salmon. Objectives of this dissertation were to use scale pattern analysis, mass 
marking and tagging to: 1) determine the relative contribution and distribution of wild and hatchery 
Chinook Salmon to Lake Ontario fisheries; 2) compare survival, imprinting and straying outcomes of 
hatchery stocking methods among tributaries and to the hatchery; 3)  compare size at age and age at maturity 
of hatchery and wild salmon; 4) estimate straying rates of hatchery Chinook Salmon in Lake Ontario 
compared to native populations; and 5) consider the potential for local adaptation and naturalization of 
Chinook Salmon to Lake Ontario and implications to fisheries management. Wild Chinook Salmon have 
represented an important component of the fisheries for at least three decades averaging 46% of the lake 
harvest (range:23-61%) and varying significantly among tributaries (range: 9-59%). Hatchery salmon were 
significantly larger than wild salmon by 50 mm in July and were 20% more likely to mature at age 2. 
Recoveries of tagged salmon indicated a well-mixed population in the lake prior to September. Pen-
acclimation provided 2.1 times higher relative survival than direct stocking, improved imprinting to 
tributaries, and significantly reduced straying to the rearing hatchery. Most salmon harvested in tributaries 
were stocked at those sites (mean=67%, SE=4%) or nearby, indicating good imprinting by both pen and 
direct-stocked salmon. Straying rates of hatchery Chinook Salmon were similar to those reported in native 
ranges of western North America, averaging 6.8% (range 0.1-23.9%) among Lake Ontario tributaries, and 
11% to the rearing hatchery. Although local adaptation and naturalization may be occurring in some Lake 
Ontario tributaries, the potential is limited by intensive fisheries and stocking from central hatcheries. 
Hatchery and wild Chinook Salmon are important drivers of population dynamics and both require 
consideration when managing predator prey balance. 
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CHAPTER 1. DISSERTATION OVERVIEW 
INTRODUCTION  
 This dissertation is organized in manuscript form, and accordingly the pronoun “we” is used to 
reflect my collaborator’s contributions to each manuscript.  Chapter 2 is published in Journal of Great Lake 
Research, and Chapter 3 is in revision at North American Journal of Fisheries Management.  I plan to 
submit Chapter 4 to Journal of Great Lakes Research, and portions of Chapter 5 to Transactions of the 
American Fisheries Society.  
Chinook Salmon (Oncorynchus tshawytscha) were first stocked into Lake Ontario in 1968, yet 
relatively little is known about the adult ecology of this introduced species in the Great Lakes (Marklevitz 
and Morbey 2017).  A great deal of foundational work has been conducted in Lake Ontario streams on 
juvenile production (Johnson 1980; Wisniewski 1990), production potential (Wildridge 1990), interspecific 
interactions among species (Johnson and Chalupnicki 2014), juvenile diets (Johnson 2007, 2008), adult 
spawning (Everitt 2006; Johnson et al. 2010), and stock-recruitment (Kennen 1993), however little work 
has been conducted in Lake Ontario and the Great Lakes to understand survival of hatchery and wild 
Chinook Salmon, or straying, homing and movement of hatchery fish in Great Lakes populations 
(Adlerstein et al. 2008; Marklevitz et al. 2016). The goal of this dissertation was to address critical 
knowledge gaps about Chinook Salmon in Lake Ontario necessary for sustainable fisheries management 
and accurate modeling of Chinook Salmon population dynamics.  The objectives of this dissertation were 
1) to determine the relative contribution and distribution of wild and hatchery Chinook Salmon to Lake 
Ontario fisheries, 2) to compare the relative survival, imprinting and straying of hatchery salmon released 
by different stocking methods 3)  to compare the size at age and age at maturity of hatchery and wild 
salmon, and 4) to estimate straying rates of hatchery Chinook Salmon in Lake Ontario compared to native 
populations in western North America.  I also consider the potential for local adaptation and naturalization 
of Chinook Salmon to Lake Ontario and the implications of their results to fisheries management. 
 
 19 
 CHAPTERS SUMMARY 
 
Chapter 2. Majority of Age 3 Chinook Salmon in Lake Ontario were Wild from 1992-2005.  
Hatchery reared Pacific salmon, including Chinook Salmon (Oncorynchus tshawytscha) are a 
major component of the Lake Ontario recreational fishery that was valued at $353 million annually in 2017 
(Responsive Management 2019).  Due to the economic importance of this fishery, hatchery stocking levels 
receive considerable bi-national attention and public scrutiny ((Murry et al. 2010; O’Gorman et al. 2013). 
Since 1968, stocking of hatchery-raised Chinook Salmon has been the principal tool utilized by fishery 
managers for controlling non-native Alewife (Alosa pseudoharengus) in Lake Ontario and elsewhere in the 
Great Lakes. Stocked Chinook Salmon are also often viewed by anglers as the principal source of 
maintaining catch rates; thus, stocking decisions are often controversial and set with limited information 
about the relative contribution of wild fish to lakewide populations (Marklevitz et al. 2016).  
Natural reproduction by Chinook Salmon was first documented in Lake Ontario tributaries in the 
1970’s (Johnson 1980; Johnson and Ringler 1981); however, production potential was considered low to 
moderate throughout the 1980s in the Salmon River (Wildridge 1990) due to highly variable flow rates 
caused by a power dam located 21 km upstream of the mouth that operated in peaking mode. Seasonal 
baseflows mandated by a Federal Energy Regulatory Commission (FERC) hydroelectric licensing 
agreement resulted in an increase in Chinook Salmon wild reproduction in the Salmon River since at least 
1992 (Smith 2005; Connerton et al. 2009). More recently,  Everitt (2006) estimated conservatively 5 million 
parr were produced in the Salmon River.in 2005, and Johnson et al. (2016) estimated 11-16 million Chinook 
Salmon parr were produced in 2010 and 2011.  Lake Ontario tributaries in Canada are also known to 
produce wild Chinook Salmon smolts (Stanfield et al. 2006), but it was unknown whether those fish 
survived and contributed to the adult population in Lake Ontario. An understanding of the relative 
contribution of wild fish is important for fisheries managers who must balance predator stocking with the 
biomass and production of preyfish populations (Tsehaye et al. 2014; Stewart et al. 2017).   
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In this chapter, I developed and applied a technique for scale pattern analysis to differentiate wild 
from hatchery derived Chinook Salmon and provided the first estimates of the relative contribution of adult 
wild Chinook Salmon in Lake Ontario. On average over 14 years, the annual proportion of wild age-3 
Chinook Salmon was 62% ( 13.6%, 95% CI), but has varied between 24% ( 9.4%) and 82% ( 11.2%).  
Results suggest that wild fish have been a high proportion of the Chinook Salmon population in Lake 
Ontario since the late 1980’s and throughout a period when the lake underwent considerable ecosystem 
changes, suggesting that wild and hatchery origin Chinook Salmon are both important components for 
managing the predator-prey dynamics in Lake Ontario and maintaining angler catch rates.  
The methods used in this chapter were subsequently extended to determine the proportions of wild 
adult salmon returning to the Salmon River in 2005, which suggested that 32% of the salmon were wild, 
with clear spatial segregation in the river by hatchery and wild fish depending on the proximity to the 
hatchery (Nack et al. 2011). The results from Chapter 2 were also used in a Chinook Salmon bioenergetics 
population model by Murry et al. (2010), who concluded 1) that alewife consumption by Chinook Salmon 
exceeded sustainable levels in some years, and 2) that variation in estimates of Chinook Salmon population 
abundance was more sensitive to variation in the contribution of wild fish than to first-year survival of 
hatchery fish.  They recommended additional research on both topics to improve modelling efforts and 
understanding of Chinook Salmon population dynamics. 
  
Chapter 3 Relative Survival and Imprinting of Pen-Acclimated and Direct-stocked Chinook Salmon.  
Despite substantial contributions of wild salmon to Lake Ontario, hatchery stocking remains an 
important management tool for supplementing an intensive Chinook Salmon fishery in Lake Ontario.  Lake 
Ontario hatcheries stock Chinook Salmon fingerlings (~5 months old) prior to smolting, an important life 
stage when the fish undergo physical transformation and imprinting to the site where they smolted. Stocking 
strategies attempt to balance the assumed benefits of higher survival gained by stocking larger salmonines 
(Bilton et al. 1984; Ward & Slaney 1988; Martin & Wertheimer 1989; Morley 1996; Tipping 2011; 
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Beckman et al. 2017) against stocking smaller fish at sites, in order to encourage smolt imprinting to 
transplantation sites and homing later as adults.  Maximizing homing and minimizing straying provides a 
reliable late-summer lake fishery and a fall tributary fishery at stocking sites around Lake Ontario. On a 
broader scale, minimizing straying of hatchery stocked fish is important for reducing negative effects of 
hatchery Chinook Salmon on wild populations in their native range, e.g., introgression and competition 
(Hard 1995; Keefer and Caudill 2014). In Lake Ontario, fisheries managers use pen-acclimation, a 
technique where small Chinook Salmon are transported from the hatchery to net pens and raised there for 
about 3 weeks until they reach a target size (i.e., ~5 g).  Pen-raised salmon have been assumed to be better 
acclimated to environmental conditions at stocking sites and assumed to exhibit higher survival and better 
imprinting to the stocking site; however, no comprehensive study of pen-acclimation has been conducted 
on Lake Ontario. Pen-acclimation studies conducted elsewhere have not typically considered both survival 
and imprinting simultaneously.  
In this chapter, I tested the hypothesis that acclimating Chinook Salmon in pens prior to stocking 
would increase survival and improve imprinting to stocking sites. I compared the survival and imprinting 
of pen-acclimated and direct-stocked hatchery Chinook Salmon in Lake Ontario at eight sites for three 
cohorts. Chinook Salmon were mass marked with adipose clips and coded wire tags from 2010-2011 and 
2013 and were recovered from the angler harvest from 2011-2017. Recoveries indicated that pen stocking 
provided significantly better relative survival with an average of 1.8 [SE=0.24], 2.3 [SE=0.24], and 2.4 
[SE=0.37] times greater contribution, respectively, to the lake fishery than direct stocking.  After accounting 
for lake survival, pen stocking also provided significantly better returns to tributaries than direct stocking 
at some sites, with average return ratios of 1.1 [SE=0.2], 1.2 [SE=0.15] and 1.4 [SE=0.29] respectively, for 
the three cohorts studied.  Results suggested that when salmon are moved to pens at the appropriate time, 
pen-acclimation provides fisheries managers the ability to achieve the survival benefits of stocking 
fingerlings at a larger size, while still achieving desirable imprinting to stocking sites. Higher survival of 
pen stocked fish has important implications for fisheries managers who must attempt to balance predator 
stocking with preyfish abundance. Given the higher relative survival of pen stocked fish evident in this 
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study, managers essentially increased effective stocking levels from 1998-2013 as a result of allocating an 
increasing proportion of fish to pens. In 2016, concerns over predator-prey imbalance (Weidel, et al. 2019) 
prompted a 20% stocking reduction in 2017 and 2018, followed by additional reductions in 2019 and 2020. 
Consideration by fisheries managers of the relative survival of pen and direct-stocked fish played a large 
role in these stocking reductions. New predator-prey models are also incorporating this new information 
(Fitzpatrick et al., manuscript in prep) along with information regarding proportions of wild salmon in the 
population. 
To gain insight into the movement and mixing of hatchery Chinook Salmon in the lake and 
imprinting and straying to tributaries, I used data from coded wire tagged salmon to determine the relative 
contribution of stocked fish from various stocking locations to eight fishing ports and to tributary fisheries. 
Results showed that port-specific Chinook Salmon harvest in the lake from June-August was comprised of 
salmon stocked at sites throughout the lake indicating a well-mixed population prior to the pre-spawn 
staging period. Of the eight lake ports summarized for June-August, a minority of the Chinook Salmon 
harvested by anglers were stocked at each site (mean=13%, SE=2%) or at nearby sites (mean=22%, 
SE=2%), with most originating from stocking sites greater than 30 km away. In September, stocked 
Chinook Salmon became more segregated in the lake, with angler harvest at each site consisting of a higher 
percentage (mean=36%, SE=4%) of salmon stocked at those sites and nearby sites (mean=29%, SE=4%), 
suggesting that Chinook Salmon began staging in this period. In contrast, most Chinook Salmon harvested 
by tributary anglers in October were stocked at those sites (mean=67%, SE=4%) indicating good imprinting 
of both pen and direct-stocked Chinook Salmon. Most strays in tributaries were stocked at nearby sites, 
benefitting local fisheries. Results are important because fishery managers and lake anglers have often been 
very focused on allocating stocking totals to specific ports, believing that stocking origin was important for 
producing quality fishing opportunities there. This study suggests that this is not the case for most of the 
fishing season from May-August when an average of 84% of the harvest occurs (Lantry & Eckert 2017). 
Managers are currently using this new information in a recent review of Chinook Salmon stocking policies 
and allocations to stocking sites. 
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Chapter 4. Differences in Size at Age, Age at Maturity and Regional Percent Composition of Wild and 
Hatchery Chinook Salmon in Lake Ontario.   
Wild reproduction  and abundance of parr varies considerably from year to year in the Salmon 
River due to factors such as river flow during spawning, incubation temperature during winter, female 
condition, and changing levels of spawner abundance (Bishop et al. 2020). Density of wild parr also varies 
across Lake Ontario tributaries ((Johnson 1980; Wildridge 1990; Stanfield et al. 2006), however the 
distribution of wild Chinook Salmon adults has not been previously determined. It is important for fisheries 
managers to understand how stocking allocations can influence local fisheries if some streams or regions 
are supported by more wild salmon than others.  Knowledge about spatial distribution of Chinook Salmon 
natural reproduction may also identify areas in need of habitat restoration (Boles 1988; Cram et al. 2013; 
Rieman et al. 2015; Roni et al. 2018) or protection (Nagata et al. 2012) if enhancing natural reproduction 
of Chinook Salmon is a management objective. 
I used mass marking to distinguish wild from hatchery Chinook Salmon and compared the 
proportions of wild Chinook Salmon among regions in Lake Ontario and in New York’s tributaries. Using 
the Autofish system (Bronte et al. 2010), all hatchery Chinook Salmon (2.3 million per year) stocked in 
Lake Ontario received an adipose clip for four years (2008-2011). Results showed percentages of wild 
Chinook Salmon in Lake Ontario varied by year class, age, and among regions, but overall wild Chinook 
were an important component of the Lake Ontario fishery averaging 46% of the age-2-and age-3 lake 
harvest (range=36-60% among cohorts). The percentages of wild Chinook Salmon in New York tributaries 
also varied among regions with percentages of wild salmon averaging 7% in western region tributaries, 
18% in eastern region tributaries, and 58% in the Salmon River with annual percentages as high as 75%.  
Proportions of wild salmon also varied by age with a general increasing pattern of higher 
proportions of wild fish at older ages. One hypothesis to explain this pattern is differences in age at maturity 
between wild and hatchery fish. Juvenile growth rates experienced in the hatchery environment can 
influence many subsequent life history trade-offs (He and Stewart 2001; Hoffnagle et al. 2008; Haring et 
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al. 2015; Kerns et al. 2016). including size at age, and age at maturity. Spatiotemporal variation in biotic 
and abiotic conditions can also affect growth, size at age, age at maturation, and survival of Chinook 
Salmon, and ultimately lead to phenotypic differences and local adaptation to individual watersheds (Quinn 
et al. 2000).  Whether hatchery and wild salmon have different life history traits in Lake Ontario has not 
been previously studied. In this chapter, I tested the hypothesis that differences in early life history would 
result in subsequent differences in mean size at age and different rates of maturity for wild and hatchery 
salmon.  
I compared the size at age of wild and hatchery (pen- and direct-stocked) salmon for three cohorts. 
Estimated mean lengths of wild age-2 Chinook Salmon (2008: M=733 mm, SE= 8.0; 2009: M=767 mm, 
SE=3.5) were significantly smaller than hatchery origin salmon (2008: M=785 mm, SE= 7.9; 2009: M=816 
mm, SE=2.9) in July by 49 mm (SE=12.4), and 52 mm (SE=4.5), respectively. Wild fish showed a wider, 
bimodal size range compared to hatchery salmon. Size differences between wild and hatchery salmon at 
age-2 generally declined in August and September, and in October when mature age-2 salmon were 
measured in tributaries, mean lengths of wild and hatchery salmon were not significantly different, possibly 
because small age-2 wild salmon delayed their maturity and consequently were not represented in the 
tributaries at age 2. Based on results of logistic regression analysis, size was a significant predictor of 
maturity, and the odds of salmon maturing increased by 6% for every unit (mm) increase in size of age-2 
salmon. Hatchery or wild origin was also a significant factor in the probability of maturation, with age-2 
pen-acclimated Chinook Salmon maturing at significantly larger sizes than wild salmon. Using the logistic 
regression model, we predicted the length at which the probability of salmon maturing was 50% (LM50). 
The proportions of salmon that exceeded LM50 for each respective origin was 59%, 77%, and 78.5% for 
wild, -, and pen-acclimated salmon for the 2010 cohort, and 55%, 72%, and 80% for wild, direct-stocked, 
and pen-acclimated for the 2011 cohorts, respectively, indicating a higher proportion of hatchery salmon 
maturating at age 2.  
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Chapter 5. Straying of Pen acclimated and Direct Stocked Chinook Salmon in Lake Ontario and the 
Potential for Location Adaptation in Lake Ontario 
Straying, and its converse homing are essential life history characteristics of anadromous salmon 
and trout (Quinn 2005). Homing ensures finding mates, suitable spawning habitat, and locally adapted 
populations with specific reproductive traits (Quinn et al. 2000; Hendry et al. 2000). Straying is important 
for reducing competition at spawning sites, for buffering against catastrophic events that impact natal 
spawning habitat (Leider 1989), and for colonizing new habitats (Anderson et al. 2014). The degree that 
Chinook Salmon stray or home to their rearing hatchery or to other stocking sites in Lake Ontario and the 
inter-annual or among-site variability was previously unknown. Using coded wire tags, and adipose 
clipping to distinguish homing from straying fish, I estimated that 12.4%, 8.4%, and 10.9% of Chinook 
Salmon strayed from other stocking sites to the Salmon River Hatchery (SRH) respectively for the 2008-
2010 cohorts. 
I also compared straying by pen-acclimated and direct-stocked Chinook Salmon to their rearing 
hatchery and among tributaries while accounting for differential lake-survival.  In 15 of 23 cases evaluated, 
pen-acclimated Chinook Salmon strayed significantly less to their rearing hatchery than direct-stocked 
salmon after accounting for relative survival. Stocking method was not a significant factor affecting straying 
rates among tributaries suggesting that salmon released by both methods experienced similar levels of 
incomplete imprinting at release sites. Larger stocking size and later release date of subyearlings increased 
the probability of straying by 3% and 6% per unit increase, respectively, suggesting that imprinting could 
be further improved by transferring pens to sites earlier. Straying occurred mostly to nearby tributaries in 
Lake Ontario and rates were similar to those of hatchery “ocean-type” Chinook Salmon reported elsewhere 
in Pacific drainages (Westley et al. 2013), averaging 6.8% (range 0.1-23.9%) among eight sites and three 
year-classes studied, and 11% to the rearing hatchery. Straying of wild fish into the SRH was low despite 
high percentages of wild fish in the river. From a management perspective, low numbers of wild fish 
straying into the hatchery and relatively high numbers of hatchery fish spawning in tributaries has two 
important implications. First, low straying into the hatchery emphasizes the need for releasing broodfish at 
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the hatchery to maintain adult returns to the Salmon River hatchery since it supplies all stocked Chinook 
Salmon to Lake Ontario in New York. Second, hatchery practices may influence Chinook Salmon local 
adaptation in Lake Ontario.  
Although mean straying rates in Lake Ontario were similar to other studies of fall run hatchery 
Chinook Salmon in native ranges (Westley et al. 2013; Keefer and Caudill 2014; Sturrock et al. 2019), the 
potential for local adaptation in most Lake Ontario tributaries is likely low based on the extent of straying 
and current stocking practices. Central hatcheries distribute fish to many tributaries throughout the lake, 
which prevents isolation, one of the key requirements necessary for genetic divergence and local adaptation 
(Quinn et al. 2000, 2001; Hendry et al. 2000). There is some evidence in the literature to suggest that genetic 
divergence has occurred in Great Lakes populations compared to the original source population (Weeder et 
al. 2005), including at Credit River where Ontario collects eggs to support hatchery stocking of parr (Thorn 
and Morbey 2017).  There are two hatcheries currently in Lake Ontario (one at Salmon River and one in 
Ontario) and based on the available straying data, there is limited exchange of strays between them. No 
Ontario strays were sampled at Salmon River hatchery, and a low proportion of strays from New York 
hatcheries were found at Credit River. Although greater exchange between New York and Ontario hatchery 
salmon may occur between more proximate stocking sites the opportunities for genetic exchange by NY 
and Ontario hatchery broodstocks (collected annually from feral adults) appears low based on the available 
data. Thus, the greater potential for local adaptation of Chinook Salmon is currently between individual 
hatchery stocks in Lake Ontario. In tributaries, the potential for self-sustaining populations and 
naturalization of Chinook Salmon is possible in some tributaries, but the potential is currently limited by 
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CHAPTER 2. MAJORITY OF AGE-3 CHINOOK SALMON (ONCORHYNCHUS TSHAWYTSCHA) IN 
LAKE ONTARIO WERE WILD FROM 1992 – 2005, BASED ON SCALE PATTERN ANALYSIS. 1 
 
ABSTRACT 
Stocking of hatchery-raised Chinook Salmon has been the principal tool utilized by fishery 
managers for controlling alewives in Lake Ontario and elsewhere in the Great Lakes. Stocked Chinook 
Salmon are also often viewed by anglers as the principal source of maintaining catch rates. Stocking levels 
are often controversial and set with limited information about the relative contribution of wild fish to 
lakewide populations. Recent research documenting large numbers of age-0 fish in tributaries suggested 
that wild reproduction was increasing and greater than previously thought. Estimating the contribution of 
wild Chinook Salmon is imperative for successful management of this economically important recreational 
fishery. To differentiate wild from hatchery derived Chinook Salmon, we developed and validated a 
classification rule from scale pattern analysis of known origin fish that was based on the area of the scale 
focus and the distance between the scale focus and the first circulus.  We used this technique to determine 
the annual proportion of angler-caught, age-3 wild Chinook Salmon in Lake Ontario from 1992-2005.  On 
average over 14 years, the annual proportion of wild age-3 Chinook Salmon was 62% ( 13.6%, 95% CI), 
but has varied between 24% ( 9.4%) and 82% ( 11.2%).  Wild fish have been a high proportion of the 
Chinook Salmon population in Lake Ontario since the late 1980’s throughout a period when the lake 
underwent considerable changes, suggesting that wild and hatchery origin Chinook Salmon are both 
important components for managing the predator-prey dynamics in Lake Ontario and maintaining angler 
catch rates. 
INDEX WORDS: Discriminant function, fishery management, Salmonidae, scale analysis, wild 
reproduction 
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Hatchery reared Pacific salmon, including Chinook Salmon (Oncorhynchus tshawytscha) are a 
major component of the Lake Ontario recreational fishery that was valued a decade ago at $172 million 
annually (Connelly et al. 1999).  Due to the economic importance of this fishery, salmon stocking levels 
receive considerable bi-national attention and public scrutiny (Kocik and Jones 1999, O’Gorman and 
Stewart 1999, Stewart et al. 1999).  The concern and debate over stocking levels revolves around the 
production of prey fishes needed to support the salmonid fishery, the majority of which are non-native 
alewives (Alosa pseudoharengus).  Pacific salmon were stocked into Lake Ontario in the late 1960’s 
principally as a means for controlling overabundant alewives, because native pelagic predators i.e. lake 
trout (Salvelinus namaycush), and Atlantic salmon (Salmo salar) had declined and restoration attempts 
were unsuccessful. Over eight million salmonines were stocked annually into Lake Ontario during the 
1980’s, supporting a large recreational fishery. Large scale ecological changes in the late 1980’s such as 
nutrient reductions, and lower food web changes (Mills et al. 2003) reduced the capacity of the lake to 
produce alewives and support historic levels of stocking (Rand and Stewart 1998a, b, O’Gorman and 
Stewart 1999). Stocking was reduced in 1993 to 5 million salmon and trout and has fluctuated between 4.7 
and 5.7 million salmonines since 1997 (O’Gorman and Stewart 1999) of which 40-50% is Chinook Salmon. 
This stocking level has been set by managers with limited information about the relative contribution of 
fish from wild reproduction in Lake Ontario tributaries (Rand et al. 1993).   
Wild reproduction was not documented until 1977 when Johnson and Ringler (1981) studied four 
tributaries to the Salmon River in eastern Lake Ontario (Figure 1). They concluded that wild coho salmon 
(Oncorynchus kisutch) and rainbow trout (Oncorynchus mykiss) juveniles were abundant, but that wild 
Chinook Salmon was a relatively minor component of these streams.  They also conducted limited sampling 
of the main stem of the Salmon River and along the beaches of Lake Ontario outside of the River and found 
a few Chinook Salmon, which they thought were driven from the River by extremely variable discharge.   
In 1988-1989, Wildridge (1990) surveyed 31 New York tributaries of Lake Ontario and found that 7 Tug 
Hill streams draining into eastern Lake Ontario contained Chinook Salmon, of which 6 were rated as having 
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good production potential.  Collectively however, these streams were estimated to produce 7,000 – 13,000 
Chinook Salmon smolts which represented only 3-5% of the total Chinook Salmon entering Lake Ontario 
relative to 1990 stocking levels.  At the time, Wildridge (1990) rated the Salmon River as having moderate 
production potential because of extremely variable discharge and warmer summer temperatures compared 
with the tributaries. The warm temperatures and variable discharge were caused by a hydroelectric power 
dam approximately 21 km from the Salmon River’ s mouth. In the 1980’s the dam was managed in “peaking 
mode”, which caused large daily discharge fluctuations presumably affecting the quality and quantity of 
habitat for Chinook Salmon. More recently, however, Everitt (2006) estimated that 5.2 million ( 2.1 
million) wild Chinook Salmon parr were produced in the Salmon River in 2005, a number nearly double 
the 2.3 million Chinook Salmon stocked in Lake Ontario in 2005 and more than 10-fold greater than the 
300,000 smolts stocked annually at the mouth of the Salmon River.  The Salmon River is now considered 
the largest source of wild Chinook Salmon to Lake Ontario (Bishop et al 2007). It is believed that seasonal 
baseflows mandated by a Federal Energy Regulatory Commission (FERC) hydroelectric licensing 
agreement (FERC 1996) have resulted in an increase in Chinook Salmon wild reproduction in the Salmon 
River since 1997 (Smith et al. 2006, Everitt 2006, Bishop et al. 2007). 
Clearly, the level of wild reproduction in some Lake Ontario tributaries is considerable, yet we 
have only limited knowledge of smolt survival and the contribution of wild-origin fish to the greater lake-
wide Chinook Salmon population.  Anecdotal and isolated data suggest that at least some of the wild smolts 
survive.  Wilmot Creek in Ontario, for instance, has one of the largest runs of adult Chinook Salmon on the 
northern side of the lake, but has not been stocked in over thirty years (Schaner et al. 2001).  A recent creel 
survey of New York’s Lake Ontario tributaries reported that Chinook Salmon were caught in 23 of 28 
tributaries, with harvest of at least 1000 fish in six tributaries other than the Salmon River (Prindle and 
Bishop 2007). Only 8 of the 23 tributaries in which Chinook Salmon were caught had some stocking history.  
Additionally, Berends (2004) used scale micro-structure to determine that 58-74% of Chinook Salmon 
spawning in the Credit River, Ontario (a stocked river), were of wild-origin in 2001–2002.   
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Estimating the contribution of wild Chinook Salmon on a lake-wide basis is imperative for 
successful management of the Lake Ontario fishery; however, no estimates are available for the adult 
population in the open lake.  Recently an imbalance between Chinook Salmon and alewife, the principal 
prey fish in Lake Huron, driven by changes in the food web, increases in Chinook Salmon wild 
reproduction, and perhaps overstocking, led to collapse of the alewife population and a precipitous decline 
in Chinook Salmon size and harvest (Bence and Mohr 2008).  Many of the food web changes that occurred 
in Lake Huron have also happened in other Great Lakes, including Lake Ontario.  If Chinook Salmon wild 
reproduction is a recent phenomenon in Lake Ontario tributaries, as it was in Lake Huron, then fisheries 
managers may need to adjust salmonine stocking rates to avoid an overabundance of predators. Conversely, 
if wild reproduction has contributed to lake-wide adult populations for a prolonged period of time then a 
management response may not be immediately required.  
Analyzing patterns on fish scales may be an accurate method of distinguishing between wild and 
hatchery adult Chinook Salmon. As fish grow, their scales also increase in size producing characteristic 
circuli (growth rings) at the scale margin which can be examined and quantified directly using a light 
microscope. Once deposited on the scale, the circulus remains unchanged over the entire life span of the 
scale (Cheung et al 2007, Sire et al 2000). The number and spacing of circuli that compose the scale pattern 
are correlated with food consumption (Bilton and Robins 1971) temperature (Skurdal and Anderson 1985), 
age and growth (Carlander 1987).  The feeding rates for Chinook in a hatchery environment are typically 
much higher than those that are possible for Chinook Salmon in the wild, and temperatures are warmer and 
more stable, allowing hatchery juveniles to reach larger sizes earlier than wild parr (Smith et al 2006). 
Different patterns of growth between wild and hatchery fish are reflected in scale development (Tattam et 
al 2007). Scale pattern analysis has been successful for effective identification of hatchery and wild stocks 
of rainbow trout in the Great Lakes (Seelbach and Whalen 1988, Thompson and Ferreri 2002), coho salmon 
(Scarnecchia 1979) and Chinook Salmon in the Pacific Northwest (Schwartzberg and Fryer 1993, Tattam 
et al 2007), and for farmed and wild Atlantic salmon in New Brunswick, Canada (Stokesbury et al. 2001). 
Collection and measuring scale characteristics is fast and not technically difficult, precludes unnecessary 
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fish kills, and is highly cost-effective. This technique is inexpensive and does not require significant 
amounts of processing time compared to other techniques for discriminating between stocks such as mass 
marking with oxytetracycline (Butcher et al 2003), analyzing otolith microchemistry or using genetics (e.g., 
Feyrer et al 2007). In addition, the New York State Department of Environmental Conservation (NYSDEC) 
has been collecting scales from Chinook Salmon in Lake Ontario for age and growth studies since 1992 
which offered us an opportunity to conduct scale pattern analysis on archived samples for estimating the 
relative abundance of wild fish in Lake Ontario over time. 
This paper presents an estimate of the changes in the contribution of wild Chinook Salmon to the 
Lake Ontario sport fishery from 1992-2005 and discusses the implications. Our objectives are: 1) to develop 
and validate a technique using scale characteristics to differentiate wild from hatchery Chinook Salmon,  2) 
to estimate the annual proportion of hatchery and wild Chinook Salmon in Lake Ontario over 14 years,  3) 
to examine trends in the  proportion of wild fish from 1992-2005,  4) to test whether the proportion of wild 
fish increased as a response to differences in discharge conditions at the Salmon River pre- and post- FERC 




Sample collection and processing  
 To develop origin assignment rules, scale samples of known-origin fish were collected from 
tributaries and were also obtained from the NYSDEC Salmon River Hatchery (Table 1). The Salmon River 
Hatchery at Altmar, NY is one of two hatcheries that stock Chinook Salmon into Lake Ontario; the other is 
Ringwood Hatchery in Stouffville ON. Known-origin samples included juvenile and adult fish from 
different locations and different time periods. Known-hatchery scales were collected directly from juveniles 
at the Salmon River Hatchery in 2006, and from adults marked with fin clips collected during a study 
assessing returns of pen-reared fish from 2001- 2004 (Bishop et al. 2006). Known-wild samples included 
scales from juvenile Chinook Salmon collected in eastern Lake Ontario streams from 1989-1991, from 
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2000, and from 2005-06. Fish were known-wild because NYSDEC did not stock the streams from which 
the fish were collected, and because these samples were collected in May prior to when NYSDEC stocks 
fish in June. 
To estimate the relative contribution of wild fish to the Lake Ontario fishery, scales of unknown-
origin fish were obtained from annual open-lake creel surveys (Figure 1) conducted by NYSDEC between 
1992 and 2005 (Eckert 2007). We focused on measuring age-3 fish, principally to ensure adequate sample 
sizes of one age class per year and because age-3 fish made up between 36% and 62% (mean 51%) of all 
Chinook Salmon caught by anglers between 1992 and 2005 (Eckert 2007).  We evaluated scales of 
unknown-origin Chinook Salmon collected only during June and July because we assumed that the salmon 
population at that time would be thoroughly mixed, i.e., to avoid biasing the results by including fish that 
were staging outside of natal streams or of stocked streams in August or September.   
Scales were pressed onto acetate slides and digital images were taken using a Nikon CoolPix 5400 
(5.1 mega-pixels) digital camera through an Olympus BH2 microscope at 4x power.  Scale metrics were 
then digitally measured using Image-Pro Plus (version 4.5.1.22 Media Cybernetics, Inc.) software that has 
a measurement tolerance of 0.001 mm.  A single technician made all measurements to avoid inter-observer 
error.  Measurement error was evaluated by making repeated measures (n = 15) on a digital image of a 
calibration slide and all measures were ± 0.003 mm of the average.  Using Image-Pro Plus, a central 
longitudinal transect along the longest axis of the scale was drawn through the focus of each digital scale 
image.  Two additional transects were then added at plus and minus 15° away from the central transect 
(Figure 2).  We centered our attention on the early growth portion of the scales (Circuli 0-6) adjacent to the 
focus (which is the small clear area in the center of the scale and presumably represents the original scale 
when first formed).  We hypothesized that the early growth phase had the highest probability of consistent 
differences between hatchery and wild fish due to differences in ambient thermal and feeding regimes, i.e., 
hatchery fish generally experienced warmer, more stable temperatures and were fed consistently, whereas 
wild fish in streams experienced colder, more variable temperatures and food sources. Based on collections 
of scale samples from juvenile fish at different sizes, we knew that at least six circuli were formed on the 
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scales prior to when hatchery fish were stocked or when wild fish left the streams, i.e., during the early 
growth phase.  
Measurements were taken from the edge of the focus to the first through sixth circuli along each of 
the three transects following methodology described by Schwartzberg and Fryer (1993) and Berends 
(2004), and then the perimeter of the focus was traced to calculate the focal area.  We used the average of 
the three transects per scale to calculate 15 different metrics: the area of the focus, the distance between 
circuli 0-1, 1-2, 2-3, 3-4, 4-5, 5-6, 0-3, 0-6, 2-4, and 3-6, and the standard deviation of the distance between 
circuli 0-3, 0-6, 2-4, and 3-6. These metrics were chosen to provide information on early growth patterns 
and were similar to those used in other studies of salmonid scale growth patterns (Seelbach and Whalen 
1988, Stokesbury et al 2001, Berends 2004). 
 
Differentiating between known wild and hatchery fish 
Scale characteristics and their utility in differentiating wild from hatchery fish were evaluated based 
on four criteria suggested by Seelbach and Whelan (1988): first, the characteristic(s) must be able to 
distinguish wild from hatchery origin; second, the characteristic(s) should remain consistent throughout 
ontogeny; third, characteristic(s) should show little to no inter-annual variation; and lastly, characteristic(s) 
should show little to no geographic variation.  Analysis of variance (ANOVA) was used to assess the criteria 
for each characteristic using all of our known-origin scale measurements.  After evaluating all 
characteristics, we randomly divided the scale measurements of 98 known hatchery fish and 84 presumed 
wild juveniles (caught in tributaries before hatchery fish were stocked) into training (N hatchery = 50, N wild = 
43) and test (N hatchery = 48, N wild = 41) data sets.  Known-origin samples that we used to develop the 
differentiation techniques overlapped in two years (2000 and 2006).  
We used and compared the results of two techniques to differentiate wild- from hatchery-origin 
fish, an assignment rule and a statistical discriminant model. Following the procedures of Seelbach and 
Whelan (1988), the assignment rule technique established a cutoff point for distinguishing between two 
stocks based on differences in the frequency of occurrence of a particular scale characteristic between 
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hatchery and wild groups. Only the distance between the focus and the first circulus (C01) passed all the 
criteria for a reliable differentiating characteristic as described above (Table 2). The assignment rule was 
determined by the midpoint in the overlapping 95% confidence intervals (determined by ± 2 standard 
deviations) of the C01 distance for hatchery and wild fish using the training data set.   
We also developed a discriminant function to differentiate wild from hatchery fish following 
methods similar to Berends (2004). Linear discriminant analysis permits the simultaneous use of many 
variables to form classification functions that identify groups. This methodology has been applied and 
proven useful in determining the origin of individual salmon stocks from mixed-stock samples 
(Schwartzberg and Fryer 1993, Stokesbury et al 2001, Tattam et al 2007). A linear function of a set of scale 
measurements was calculated using the training data set that maximized the variance among known 
hatchery and wild fish compared with the variance within each group. The C01 distance along with four 
other variables (focus area, STD03, STD06, and C45 distance) that passed 4 of the 6 criteria (Table 2) were 
entered into a stepwise discriminant analysis.  Evaluation of the best discriminant model was based on 
probability errors and significance of group separation while taking into account possible multicollinearity 
among predictor variables (Table 3). 
For each of the techniques, we calculated the following assignment frequencies using the test data 
set (after Worlund and Fredin 1962, Seelbach and Whelan 1988, and Thompson and Ferreri 2002): 
PBwwB = frequency of wild fish classified as wild 
PBwhB = frequency of wild fish classified as hatchery 
PBhhB = frequency of hatchery fish classified as hatchery 
PBhwB = frequency of hatchery fish classified as wild 
 
Time series and cohort analysis 
Using each of the techniques, we calculated the relative abundance (FBaB) and variance [V(FBaB)] of wild age-
3 fish for the 1989 – 2002 year classes (Table 1) using the estimated proportion of wild fish (RBaB), the 
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assignment frequencies (PBww , BPBwh, PBhw, PBwh), and the sample sizes (N), following Worlund and Fredin 
(1962), Seelbach and Whelan (1988), and Thompson and Ferreri (2002) where: 
 FBaB = (RBaB – PBhwB) / (PBwwB – PBhwB) [1] 
 [V(FBaB)] = [1 / (PBwwB – PBhwB)]P2 PV(RBaB) [2] 
 V(RBaB) = (1/N){[FBaBFBbB(PBwwB – PBhwB)P2P] + FBaB[(PBwwBPBwhB) – (PBhwBPBhhB)] + (PBhwBPBhhB)} [3] 
 FBbB = 1 – FBa [4] 
And FBaB is the relative abundance of wild-origin fish, [V(FBaB)] is the variance in relative abundance, V(RBaB) 
is variance in the proportion of wild fish estimated by scale characteristics, and FBbB is the relative 
abundance of hatchery-origin fish.  The 95% confidence intervals for the relative abundances of wild fish 
in the annual samples were calculated as: 
FBaB ± 1.96[V(FBaB)]P0.5P/ √ N 
To determine if the relative abundance of wild fish changes throughout ontogeny, we examined 
changes in the relative proportion of wild-origin fish (+/- 95% CIs) over time in each of four year-classes 
- 1992, 1996, 2000, and 2002.  We measured between 19 and 150 scales per age class (1+, 2+, 3+) per 
cohort (Table 1).   
 
Statistical analyses 
  To test the hypothesis that the proportion of wild Chinook Salmon varied significantly among year-
classes, we conducted an analysis of variance on the arc-sine transformed proportions in all year-classes 
(Zar 1999, Elliot and Reisch 2007). To test whether the proportion of wild fish increased as a response to 
differences in discharge conditions at the Salmon River pre- and post- FERC licensing (1992-1996, 1997-
2002), we compared the average proportion of wild fish from 1992-1996 with the average proportion of 
wild fish from 1997-2002 using a T-test (α=0.05). To test whether the proportion of wild Chinook Salmon 
was increasing, we used a general linear model with a log link function. To determine if the relative 
abundance of wild fish changed throughout ontogeny for the four year-classes examined (1992, 1996, 2000, 
2002), we tested for a significant effect of age on the proportion of wild fish within each year-class using 
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ANOVA. To test for significant differences between ages, post-hoc pairwise comparisons were made using 
the Tukey-Kramer method which adjusts for unequal sample size (Dunnett 1980).  
 We also tested whether size selective mortality of YOY Chinook Salmon may have affected the 
frequency distribution of the C01 characteristic of adult fish.  This had the potential to bias our results. For 
example, if wild fish, which initially grow more slowly than hatchery fish, suffer higher size-selective 
mortality than hatchery fish (Johnson et al 2007), then the expected classification frequencies (based on our 
analyses of YOY wild fish scales) may not be directly applicable for discriminating adult fish because the 
presumed distribution of wild Chinook Salmon scale characteristics (based on YOY test samples only) 
could have shifted (i.e., to the right in Figure 3) due to mortality of slower growing fish. The result of such 
a shift would be an increase in the proportion of wild fish classified as hatchery (Pwh), a decrease in the 
discriminatory ability of the scale pattern analysis, and an underestimation of wild fish.  To examine this 
issue, we used regression analysis to test for relationships between C01 distance and sizes of fish at capture 
including length of YOY fish in June prior to hatchery stocking, length of YOY wild fish in June prior to 
entering the lake, and length of adult fish at capture. 
 
Salmon River discharge 
 To investigate whether differences in flow conditions at the Salmon River pre- and post- FERC 
licensing (1992-1996, 1997-2002) could be associated with increased Chinook Salmon natural 
reproduction, we obtained 15-minute flow data from the USGS Gauge at Pineville on the Salmon River and 
calculated flow statistics (mean daily flow, minimum, maximum, standard deviation). All values that were 
estimated by USGS due to icing conditions or equipment failure were not used to calculate flow statistics. 
We used linear regression to evaluate whether discharge in the Salmon River affected the % wild of 
Chinook Salmon observed in the lake from 1992-2002. Bishop et al. (2007) have shown a strong positive 
relationship between wild Chinook Salmon smolt abundance in the Salmon River and mean October flow 
in the previous year (R2= 0.69). They hypothesized that Chinook smolt abundance in spring is higher in 
years with higher mean October flow in the previous fall because Chinook Salmon spawn in October and 
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higher flow provides more habitat for spawning and may increase cover for Chinook Salmon females 
protecting them from angler harvest. We used this flow statistic as our independent variable and tested for 
a significant effect.   
 
RESULTS 
Differentiating known wild and hatchery fish 
The distance between the scale focus and the first circulus (C01) was the only scale characteristic 
that met all of Seelbach and Whelan’s (1988) criteria for a good differentiating characteristic (Table 2).  
Three of the scale characteristics, namely the distance between circuli 4 and 5, the focus area, and the 
standard deviation of the circuli 0–6 distances, all differentiated hatchery from wild fish and showed non-
significant variation among life stages for hatchery fish.  However, while these scale characteristics did not 
differ among years or sites for hatchery fish, wild fish showed significant variation for these criteria (Table 
2).  Similarly, the standard deviation of the distances between the first three circuli met the differentiation 
criteria among life stages (for hatchery fish), but hatchery fish showed significant among year and among 
location variation, whereas wild fish passed these criteria (Table 2).   
The assignment rule differentiating wild and hatchery Chinook Salmon was based on the distance 
between the focus and the first circuli (C01) since it was the only characteristic to pass all of Seelbach and 
Whelan’s (1988) criteria (Table 2).  The mean C01 distance for wild fish was 0.040 ± 0.014 mm (95% CI) 
and for hatchery fish was 0.053 ± 0.014 mm (95% CI).  The assignment rule was determined as the mid-
point between these overlapping 95% intervals.  Fish with C01 distance ≤ 0.046 mm were designated as 
wild, whereas fish with C01 distance > 0.046 mm were designated as of hatchery-origin (Figure 3a).  Based 
on the test data set 80.5% (PBwwB) of known wild fish were correctly classified (19.5% error rate, P BwhB) and 
91.7% (PBhhB) of hatchery fish were correctly classified (8.3% error rate, PBhwB, Figure 3a).  Therefore, this 
assignment rule is biased toward over-estimating the proportion of hatchery-origin fish.   
We also developed a statistical discriminant model based on scale meristics to differentiate wild- 
from hatchery-origin fish.  Though we tried multiple models using the five characteristics that met most of 
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the criteria (C01, focus area, STD03, STD06, and C45), the best model used only the C01 distance and the 
focus area, which showed moderate cross-correlation to one another (r = 0.54, Table 3).  The discriminant 
functions were: 
 
H = -31.75206 + 950.50454 * C01 + 485.57053 * focus area 
W = -17.57397 + 707.41244 * C01 + 360.69868 * focus area 
Classification was based on the largest result from the two equations (i.e. if W > H then that sample was 
classified as wild-origin and vice versa).  Though the focus area showed overlap between known wild- and 
hatchery-origin samples (Figure 3b), when used in conjunction with the C01 distance, the discriminant 
solution showed less bias than the single factor (C01) assignment rule (Figure 4).  Wild-origin fish were 
correctly classified 87.8% of the time (Pww, with error rate, Pwh = 12.2%) and hatchery-origin fish were 
correctly classified 89.6% of the time (Phh, and the associated error rate was Phw = 10.4%). 
We tested for a relationship between C01 distance and fish length (i.e., size of YOY fish in June 
prior to hatchery stocking, size of YOY wild fish entering the lake, and size of adult fish at the date of 
capture) to determine whether size selective mortality of young fish may have affected the C01 frequency 
distribution used to discriminate wild from hatchery adult fish. There was no relationship between length 
(size of YOY fish in June prior to hatchery stocking or wild fish entering the lake) and C01 distance (F94, 
1=0.46, p=0.50, r2=0.004 for wild YOY, F94, 1=0.46, p=0.50, r2=0.004 for hatchery YOY). Nor was there a 
relationship between C01 distance and length of adult fish at the date of capture, F1254, 1=0.82, p=0.36, 
r2=0.0007 for adults). It is unlikely that size selective mortality affected the frequency distribution of the 
C01 characteristic (Figure 5). 
 
Time series and cohort analysis 
 We used both the single factor, C01, assignment rule and the two-factor discriminant function to 
estimate the relative proportion of wild fish (Fa) for the 1989 to 2002 year-classes for age-3 fish.  Overall, 
the two techniques yielded similar results, but the discriminant function tended to estimate higher 
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proportions of wild fish than the single factor assignment rule (Figure 6).  The single factor assignment rule 
estimated the 14-year mean proportion of wild age-3 fish at 57.1% ±14.4% (95% CI), while the 14-year 
mean from the discriminant function was 62.1% ± 13.6%.   
Results of ANOVA showed significant differences among year-classes for both methods (Discrim: 
F1, 13= 49.8, p<0.001, C01: F=41.3, p<0.001).  The C01 assignment rule and the discriminant function 
produced identical year-class rankings of the relative abundance of wild fish (Spearman’s Rs=1.0).  Both 
procedures indicated that the 2002 and 2000 year-classes (in that order) had the lowest estimated relative 
abundance of wild-origin fish throughout the time series, while 1989, 1990, 1992, and 1996 had the greatest 
relative abundance of wild fish over the time series.  Overall, the proportion of wild age-3 Chinook Salmon 
in Lake Ontario declined gradually but significantly between 1989 and 2002 (F1,12=15.32, β= -0.03, r2=0.56, 
p=0.002, Figure 6). 
We examined changes in the relative abundance of wild-origin Chinook Salmon through ontogeny 
of four cohorts: two with the overall greatest wild contribution (1992 and 1996) and two with the lowest 
wild fish contribution (2000 and 2002). Analysis of variance showed significant differences among the 
proportion of wild fish at different ages (F1, 11=45.7, p<0.001). There was a tendency in the earlier year-
classes (i.e., 1992 and 1996) for the proportion wild to increase between their second and third year of life 
whereas in the later year-classes, age-2 proportions were higher than age-1 and age-3 (2000 and 2002, 
Figure 7). The proportions of wild age-3 Chinook Salmon were significantly greater than age-1 and age-2 
in 1992 and 1996 (1992 |Age3-Age2|= 0.28, tHSD=0.14, q 0.01, 12,100= 4.26; |Age3-Age1|= 0.30, tHSD=0.14, q 0.01, 
12,100= 4.26; 1996 |Age3-Age2|= 0.44, tHSD=0.16, q 0.01, 12,100= 4.62; |Age3-Age1|= 0.36, tHSD=0.16, q 0.01, 12,100= 
4.62). In 2002, the proportions of wild age-2 were significantly higher than age-1 and age-3 (2002 |Age2-
Age3|= 0.21, tHSD=0.14, q 0.01, 12,100= 4.62; |Age2-Age1|= 0.27, tHSD=0.26, q 0.05, 12,60= 4.80).  In 2000, there 
were no significant differences between ages (2000 |Age2-Age3|= 0.16, tHSD=0.17, q 0.01, 12,50= 4.85; |Age2-
Age1|= 0.16, tHSD=0.17, q 0.01, 12,50= 4.86). 
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Salmon River discharge 
The FERC licensing agreement on the Salmon River stabilized flow conditions and eliminated 
extremely low flow periods, especially during summer (20 June -15 August (Fig. 8).  Prior to the FERC 
agreement (1992-96), 15-minute flow values ranged from 1.7 - 256.3 m3 s-1 and discharge typically varied 
9% over the course of a day (average daily coefficient of variation, CV = 0.087). In summer, discharge 
averaged 7.3 m3 s-1 and the minimum flow was frequently 2.5 m3 s-1 or less (41% of the time).  After the 
FERC agreement (1997-2002), 15-minute flow ranged from 3.0- 330 m3 s-1 and varied daily around 5% 
(average daily CV=0.048). In summer, discharge averaged 8.0 m3 s-1 and average minimum daily flow 
rarely fell below 5.0 m3 s-1 (less than 2% of the time).  The correlation between the proportion of wild age-
3 Chinook Salmon and average flow in October of the previous year (after Bishop et al 2007) was not 
significant (F 1,7 = 1.6, r2 = 0.19, p=0.24). The average proportion of wild age-3 Chinook Salmon prior to 
FERC relicensing (73.5%) was significantly higher (T0.05, 12=2.25, p=0.04) than after relicensing (55.7%). 
 
DISCUSSION 
Differentiating known wild and hatchery fish 
 Though the two differentiation techniques produced similar results, each has unique advantages 
and disadvantages.  The assignment rule based on the distance between the scale focus and the first circuli 
(C01) is based on the only scale characteristic to pass all differentiation criteria (Seelbach and Whelan 
1988) and has the advantage of being rapidly measured and the origin easily assessed (C01≤ 0.046mm is 
wild) without further computational effort.  It suffers, however, from unequal assignment error rates and is 
biased toward under-estimating the proportion of wild-derived fish.  Assuming that stocking decisions are 
based on the perceived carrying capacity of the lake taking into account natural predator reproduction, 
under-estimating the relative abundance of wild fish could lead to inadvertent overstocking.  Instead, we 
encourage and recommend the use of the discriminant function (utilizing the C01 distance and the area of 
the focus) to differentiate Chinook Salmon origin, because the assignment error probabilities were nearly 
identical for both groups, resulting in relative proportions of wild- and hatchery-derived fish with less 
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overall bias.  The disadvantage of the discriminant technique lies in the increased time and effort associated 
with the second measurement of the focus area and the greater computational effort (albeit small).  The 
focus area, as an independent differentiating character failed to pass all criteria suggested by Seelbach and 
Whelan (1988) by showing significant among year and location variation in known wild fish (Table 2) but 
contributes to relatively unbiased statistically significant differentiation when used in conjunction with the 
C01 distance.   
The assignment rule technique is also quite sensitive to the specific cutpoint (0.046 mm) chosen for 
distinguishing hatchery from wild fish. For example, if we lowered the decision cut point (0.046mm) by 
10% (0.042 mm, less than 7% of known hatchery adults and 3% of known hatchery YOY samples had C01 
values less than 0.042 mm), the estimated average percent wild declined by 20%. We believe that managers 
would want to minimize false negatives and avoid an underestimation of the proportion of wild fish when 
making stocking decisions which could lead to overstocking of hatchery fish. Therefore, if we chose a more 
conservative cutpoint (0.05 mm) this would error on the side of overestimating wild fish and would lead to 
a 19% increase in percent wild (i.e., 76% on average). 
 There are some sources of potential bias in our results. It should be noted that although we used a 
reasonable number of known-origin samples in developing and validating our differentiation tools, our 
known wild and hatchery samples only overlapped in two years, and we lacked hatchery scales from early 
in the time series. Although our analysis showed that C01 was not significantly different among years, 
preferably our test samples would have included known wild and hatchery fish from throughout the time 
series. Similarly, we did not include hatchery scales from Canadian stocking efforts (Ontario Ministry of 
Natural Resources, OMNR).  OMNR stocking currently represents about 20% of the Chinook Salmon 
stocked in Lake Ontario annually (Eckert 2007).  In considering these issues we concluded that the stocking 
program of NYSDEC has been consistent over the time period of our study in terms of first feeding dates 
(January 1), and average size of Chinook Salmon stocked (mean=4.8 g, C.V.=5%, calculated from data in 
Table A11, Eckert 2007).  The OMNR stocking program has also remained similarly consistent in growth 
of hatchery fish (mean=4.4 g, C.V.=8%, calculated from data in Table A11, Eckert 2007), suggesting that 
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scale characteristics throughout the period of study probably have not changed either. Berends (2004) 
developed a similar scale discriminant function to differentiate wild- and hatchery-origin Chinook Salmon 
in the Credit River, Ontario.  Similar to our results, he found that both the focus area and the C01 distance 
was significantly smaller in wild fish (0.025 mm2, 0.039 mm, respectively) than hatchery fish (0.029 mm2, 
0.045 mm, respectively). Noteworthy is that the C01 distance of OMNR hatchery fish measured by Berends 
(2004) was almost identical to the C01 assignment rule that we used for discriminating hatchery from wild 
fish (0.046 mm). Given that OMNR stocked between 10-20% of the total Chinook Salmon lake-wide and 
that C01 is presumably normally distributed, then the difference between NYSDEC and OMNR hatchery 
growth may have contributed another 5-10% error to our Fa estimates.   
Another source of potential bias was that our collection did not include known adult wild fish.  
Ideally, the collection of test samples from known sources would have included all levels of classification 
(wild YOY and adult, and hatchery YOY and adult) from throughout the whole time series.  Unfortunately, 
obtaining samples of known wild adult fish is difficult. It would have required mass marking all stocked 
Chinook Salmon for several years, something that NYSDEC and OMNR had not done at the time of our 
study, thus the need for our research. The lack of known wild adult fish had the potential to bias our results. 
For example, wild fish initially grow more slowly than hatchery fish and as a result, may suffer higher size-
selective mortality than hatchery fish (Johnson et al 2007). This mortality would change the C01 frequency 
distribution of adult fish and lessen the discriminatory ability of the assignment rule technique. However, 
our results showed that there was no relationship between C01 distance and length of fish at capture for 
either YOY or adult fish. Undoubtedly, the size of the first circulus is smaller in wild fish than hatchery 
fish (Figure 3) and this characteristic is likely related to environmental conditions at the time the circulus 
was formed on the scale. The hatchery fish likely experienced more favorable conditions at this time and 
grew more rapidly; however, the size of the first circulus loses its significance in determining the size of an 
individual at a later date (e.g., first June after hatching, and in adult fish at age 3). Size selective mortality 
may occur and probably does on small wild and hatchery fish but its effect on C01 distribution is quite 
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random and is unlikely to disproportionately affect the distribution of smaller wild fish than larger hatchery 
fish.   
 
Cohort analysis 
 This study provides the first lake-wide estimates of the proportion of wild-spawned fish in the adult 
stock of Chinook Salmon in Lake Ontario.  We developed and validated two techniques, an assignment rule 
and a statistical discriminant function based on characteristics of archived scale samples, to discriminate 
wild- and hatchery-origin Chinook Salmon.  Both techniques provided similar estimates suggesting that, 
on average, 62% of age-3 fish in Lake Ontario were of wild-origin from 1992 to 2005 (1989 – 2002 year-
classes).  These results are consistent with previous estimates of wild recruitment in the Credit River, 
Ontario, where Berends (2004) found that 58-74% of spawning adults were of wild origin in 2001 and 2002.   
Considering recent estimates of wild smolt production in excess of five million Chinook Salmon 
annually in only the Salmon River (Everitt 2006), and that lake-wide stocking is around 2.3 million fish 
(1.8 million New York, 500 thousand Ontario), this strongly suggests that early survival of wild smolts is 
lower than that of stocked fish.  Differences in survival may be related to differences in body size and 
behavior at smolting.  Hatchery fish are approximately 60-120 mm at stocking (Dean 2002), whereas wild 
fish are only 40-80 mm (Everitt 2006) at the time hatchery fish are stocked.  Hatchery fish are also thought 
to move offshore rapidly after stocking, but wild fish tend to remain nearshore longer (Smith et al. 2006, 
Johnson et al 2007) making them more susceptible to littoral predators (Johnson et al 2007).    
Differences in early life growth and body size can also influence the size and age of reproduction 
(He and Stewart 2001) such that we might expect hatchery fish to reproduce earlier, and wild fish would be 
more likely to postpone spawning to a later age. In two of four cohorts that we examined (1992, 1996), the 
percent wild increased between ages 2 and 3; whereas the reverse was true for cohorts in 2000 and 2002.   
Additional research is needed to draw any conclusions about the differences in proportions of wild fish at 
age and the apparent shift from a higher proportion of wild fish at age-3 (in 1992, 1996 year-classes) to a 
higher proportion of wild fish at age-2 (in 2000, 2002 year-classes) observed in this study; however the 
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decline in the proportion of wild age-3 Chinook Salmon observed in the time series (in year-classes 2000 
and 2002) may be partly the result of shifts in age at reproduction rather than a true decline in the relative 
abundance of wild fish in the lake population.  For example, if wild fish shifted from reproducing at age-3 
to reproducing at age-2, the overall proportion of wild fish at age-3 would decline because age-2 fish left 
the population. Our estimate of the proportion of wild fish at age-1 may also be biased low because of 
differences in early growth, i.e., age-1 hatchery fish may be harvested disproportionately by anglers if they 
recruit to a harvestable size earlier. More research is needed to understand how the proportion of wild fish 
changes with ontogeny. 
 
Salmon River discharge 
Natural reproduction of Chinook Salmon in Lake Ontario does not appear to be a recent 
phenomenon. The proportion of age-3 wild fish has slightly declined over the fourteen years of study. This 
was contrary to our expectations and recent literature suggesting an increase in wild production (Smith et 
al. 2006, Bishop et al 2007).  It was presumed that the Salmon River, NY, was the major source of wild 
recruitment to Lake Ontario and that natural reproduction likely increased with the initiation of managed 
discharges for salmon in 1996 (Bishop et al. 2007).  Our results showed that the percent wild of Chinook 
Salmon in the lake declined after 1996 and there was no statistical relationship with Salmon River 
discharge. There are several possible hypotheses to explain the apparent inconsistency between the 
literature and our results.  
1) Flow management in the Salmon River prior to 1996 may not have been as detrimental to Chinook 
Salmon wild recruitment as previously thought. The FERC licensing agreement in 1996 formally set 
discharge levels to 9.5 m3 s-1 (335 cfs) during the fall-spring period and to 5.2 m3 s-1 (185 cfs) during 
summer. Prior to this, the river was managed in “peaking mode” with large daily discharge  fluctuations 
(leakage base discharge = 0.69 m3 s-1, 23 cfs) that presumably affected the quantity and quality of Chinook 
Salmon spawning and rearing habitat (Bishop et al 2007); however, the average daily discharge measured 
at Salmon River Pineville gauge (Figure 8) from 1992-1996 only fell to very low levels in summer, which 
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would not have impacted Chinook Salmon reproduction because they spawn in October with parr/smolts 
leaving the river by June (Everitt 2006, Bishop et al. 2007). The power company began experimenting with 
changes to the peaking mode of operation beginning in 1986 resulting in more constant flows for longer 
periods of time. In 1990, they began releasing at least 9.5 m3 s-1 (335 cfs) 24 hours per day during the months 
of September-November for salmon and steelhead spawning purposes (Niagara Mohawk 1993).  The results 
of this study suggest that the Salmon River may have been a major contributor since at least 1989.  Prior to 
1986, Chinook Salmon reproduction may have been impacted by variable discharge. Unfortunately, we do 
not have scales available prior to 1989 to detect any increase associated with changes in flow management. 
2) Whereas the Salmon River is clearly a major source of natural reproduction (Everitt 2006), it is 
probable that there is extensive natural reproduction in many other under-studied tributaries (Connerton, 
unpublished data, and Ian Crane, University of Toronto, pers. comm.) that may explain the lack of linkage 
between Salmon River flow regulation and the lake-wide proportion of wild fish.  More research is needed 
to identify these streams and to estimate the densities of Chinook Salmon juveniles produced using methods 
similar to Everitt (2006). 
3) Salmonines with diets containing a high proportion of alewife are known to produce thiamine 
deficient offspring leading to a higher incidence of early mortality syndrome; however, Fitzsimons et al. 
(2007) have recently shown a positive relationship between alewife abundance and egg thiamine 
concentration of salmonines in the Great Lakes, i.e., slightly higher egg thiamine levels in years of relatively 
higher alewife abundance. The biomass of alewife in Lake Ontario has declined from the mid 1980’s until 
now (O’Gorman et al. 2008) which hypothetically could have produced a negative effect on wild Chinook 
Salmon reproduction. Clearly, we need a greater understanding of the interplay between alewife abundance, 
thiamine levels and the survival and reproduction of salmonines in the Great Lakes. 
4)  Other factors such as predation in the lake affect survival and recruitment of smolts. Johnson et al. 
(2007) provided evidence that Chinook post-stocking survival in Lake Huron is a positive function of 
alewife abundance because high numbers of alewives buffer the young Chinooks from predation. Age-0 
Chinooks are associated spatially with alewives and are of similar size to alewives during their first summer. 
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Apparently, as alewives decline, predators eat more of the age-0 Chinooks. The smaller, wild Chinooks, 
which spend more time in the near-shore zone, are probably more vulnerable to predation than are larger, 
more advanced hatchery Chinooks.  
 
Management Implications  
Stocking of Chinook Salmon has been the principal tool utilized by managers for controlling 
alewife in Lake Ontario and elsewhere in the Great Lakes (O’Gorman and Stewart 1999).  Stocking levels 
in Lake Ontario were reduced in the mid 1990’s as a response to declining productivity and lower alewife 
abundance. Our results suggest that lower stocking levels may not directly lead to the expected result of 
lower predatory demand if wild reproduction continues to be a large component of the Chinook Salmon 
population in Lake Ontario.   
Stocked Chinook Salmon are often viewed by anglers as the principal source of high catch rates in 
the Lake. Decisions by managers to reduce stocking levels have been contentious because of the belief that 
reduced stocking will lead to reduced catch rates (O’Gorman and Stewart 1999). The results of our study 
suggest that the majority of the age-3 creel has consisted of wild Chinook Salmon for at least 14 years and 
that wild fish are an important component of maintaining angler catch rates.  
Although the scale technique provides useful information, it still only affords us an estimate of the 
relative amount of wild fish in the Lake Ontario population rather than the absolute numbers desirable for 
more effective management of predator and prey dynamics.  It does suggest that natural reproduction of 
Chinook Salmon is not a recent phenomenon in Lake Ontario, as previously thought so a management 
response may not be necessary. Wild fish have been a significant proportion of the Chinook Salmon 
population since the late 1980’s during a period in which the lake underwent many changes including 
dreissenid mussel invasion, oligotrophication, reductions in stocking, and associated changes in food web 
dynamics (Mills et al. 2003). From 1992-2000, the condition of Chinook Salmon remained relatively steady 
(Eckert 2007, Bishop and Prindle 2007) and angler catch rates were also fairly consistent (Eckert 2007) 
suggesting that wild and hatchery origin Chinook Salmon were both important components of predator-
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prey dynamics and maintaining angler catch rates in Lake Ontario.  More recently from 2002-2006, the 
weight and condition of Chinook Salmon declined by 20% (Bishop and Prindle 2007), angler catch rates 
increased by 50% (Eckert 2007), and adult alewife abundance declined (O’Gorman et al 2008) indicating 
a change in the ratio of predators to prey. We observed significant declines in the proportion of wild age-3 
Chinook Salmon during this period (in 2000 and 2002 year-classes). More research is needed to understand 
the interaction between wild fish and predator-prey dynamics.   
 Future research could improve the precision of our estimate and increase our understanding of the 
proportion of wild and hatchery Chinook Salmon in Lake Ontario.  Additional streams could be sampled 
intensively for estimating densities of wild parr production similar to Everitt (2006), or extensively to 
determine the extent of wild reproduction in New York and Ontario tributaries similar to Wildridge (1990). 
These studies may also identify whether wild parr in some streams exhibit growth characteristics that are 
closer to hatchery fish thereby deflating our estimate of proportion of wild fish (Fa).  Ultimately, measuring 
scales of all age classes within one year(s) would provide an estimate of the percent wild of the lake’s 
standing stock. It would also be interesting to look at additional cohorts, or to determine the percent wild 
in individual rivers and in the hatcheries for assessing the degree of straying or homing, escapement, and 
mixing.  Additionally, future research should compare the results of our scale analyses with results from 
other techniques including otolith microstructure (Smith et al. 2006), stable isotopes (Gao et al. 2004), or 
mass marking techniques. A mass marking program in Lake Ontario would be extremely beneficial for 
fisheries management and provide answers to questions beyond just wild or hatchery origin for many 
species including effects of stocking locations, strains, timing, and stocking size. 
 
Conclusion 
In conclusion, we developed a statistical discriminant model and single character decision rule to 
differentiate wild- and hatchery-origin Chinook Salmon in Lake Ontario.  This paper provides the first 
assessment of the contribution of naturally spawned fish to the lake-wide Chinook Salmon stock in Lake 
Ontario.  On average, over 14 years (1992 – 2005), the annual proportion of wild-origin age 3 Chinook 
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Salmon was 62% ( 13.6%, 95% CI), but has varied between 24 ( 9.4%) and 82% ( 11.2%) and appears 
to be declining.  Future stocking decisions should take into account this higher than previously thought 
amount of wild recruitment. Wild and hatchery origin Chinook Salmon are both important components of 
maintaining angler catch rates and managing the predator-prey dynamics of Lake Ontario. 
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TABLE  1.  Sample size of known (top of table) and unknown (lower section of table) Chinook Salmon 
scales including year collected, year-class represented, age, geographic location, and origin used during 








Source3 Origin4 Sample 
size 
2001 1998 3+ LNR NYSDEC H 30 
2002 1999 3+ JC/LNR/MC NYSDEC H 17 
2003 2000 3+ JC/MC/OO/SC NYSDEC H 21 
2006 2006 YOY SRH NYSDEC H 30 
1989 1989 YOY OB SUNY ESF W 11 
1990 1990 YOY LSC/OB/TB SUNY ESF W 17 
2000 2000 YOY SR SUNY ESF W 26 
2006 2006 YOY SR SUNY ESF W 30 
1992 1989 3+ OL NYSDEC U 100 
1993 1990 3+ OL NYSDEC U 100 
1994 1991 3+ OL NYSDEC U 100 
1993 1992 1+ OL NYSDEC U 50 
1994 1992 2+ OL NYSDEC U 50 
1995 1992 3+ OL NYSDEC U 100 
1996 1993 3+ OL NYSDEC U 100 
1997 1994 3+ OL NYSDEC U 60 
1998 1995 3+ OL NYSDEC U 100 
1997 1996 1+ OL NYSDEC U 50 
1998 1996 2+ OL NYSDEC U 50 
1999 1996 3+ OL NYSDEC U 100 
2000 1997 3+ OL NYSDEC U 100 
2001 1998 3+ OL NYSDEC U 50 
2002 1999 3+ OL NYSDEC U 50 
2001 2000 1+ OL NYSDEC U 47 
2002 2000 2+ OL NYSDEC U 50 
2003 2000 3+ OL NYSDEC U 50 
2004 2001 3+ OL NYSDEC U 100 
2003 2002 1+ OL NYSDEC U 19 
2004 2002 2+ OL NYSDEC U 50 
2005 2002 3+ OL NYSDEC U 150 
1 Age, in years as determined by NYSDEC, YOY= young of year fish age 2-5 months post hatch  
2 Geographic locations codes are: LNR = Lower Niagara River, JC = Johnson Creek, MC = Maxwell Creek,  OO = 
Oak Orchard Creek, SC = Sandy Creek, SRH = Salmon River Hatchery, OB = Orwell Brook, LSC = Little Sandy 
Creek, TB = Trout Brook, SR = Salmon River, and OL = open lake. 
3 Sources are: NYSDEC = New York State Department of Environmental Conservation, and SUNY ESF = State 
University of New York College of Environmental Science and Forestry.   
4 Origin codes are: H = hatchery, W = wild, and U = unknown.
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TABLE  2  Results of one-way ANOVAs to evaluate scale criteria for use in differentiating wild and hatchery fish following the form of Seelbach 
and Whelan (1988).  N indicates the number of scales used in the analysis.  C is an abbreviation of circuli and the numbers following indicate the 
specific circulus radiating out from the focus.  Focus is the area of the scale’s circular origin. STD is the standard deviation of the distance between 
circuli as indicated by the numbers in the code. Cells contain calculated F values with degrees of freedom for each test subscripted, and calculated 
p value for each test are given below F values.  
Comparison N C01 C12 C23 C34 C45 C56 Focus C03 STD03 C06 STD06 Desired 
decision 
criteria 
Hatchery vs Wild 
YOY only, sites 



























Among Life Stages: YOY vs Adults 
Hatchery only, 
sites & yrs 
pooled 
98 
3.101,97   
P=0.0815 
6.301,97   
P=0.0137 
7.411,97   
P=0.0077 
12.801,97   
P=0.0005 
0.891,97   
P=0.3473 






0.491,97   
P=0.4842 
8.921,97   
P=0.0036 









1.312,67   
P=0.2760 
3.662,67   
P=0.0311 
1.362,67   
P=0.2630 
1.032,67   
P=0.3634 
1.002,67   
P=0.3727 
6.152,67   
P=0.0036 
1.492,67   
P=0.2331 
1.922,67   
P=0.1542 
3.192,67   
P=0.0479 
 3.482,67  
P=0.0366 




YOY only, sites 
pooled 
84 
2.543,83   
P=0.0625 
3.823,83   
P=0.0130 
7.353,83   
P=0.0002 




13.153,56   
P<0.0001 
5.463,83   
P=0.0018 
5.273,83   
P=0.0023 
1.593,83   
P=0.1985 
18.283,56   
P<0.0001 







only, yrs pooled 
 
68 
1.504,67   
P=0.2126 
2.964,67   
P=0.0264 
1.844,67   
P=0.1324 
1.304,67   
P=0.2786 
1.424,67   
P=0.2390 
4.124,67   
P=0.0050 
1.374,67   
P=0.2528 










YOY only, yrs 
pooled 
84 
2.473,83   
P=0.0677 
3.363,83   
P=0.0227 
4.133,83   
P=0.0089 
6.863,83   
P=0.0004 
9.813,67   
P<0.0001 
11.563,56   
P<0.0001 
6.773,83   
P=0.0004 
3.903,83   
P=0.0118 
1.833,83   
P=0.1485 
11.723,56   
P<0.0001 









 Pass Fail Fail Fail Fail Fail Fail Fail Fail Fail Fail  
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TABLE  3.  Correlation coefficients among scale characteristics that either strongly or moderately 
passed criteria.  See Table 2 for abbreviations. 
 
 Characteristic C01 Focus STD03 STD06 C45 
C01 - 0.54 0.76 0.84 0.47 
Focus  - 0.43 0.47 0.28 
STD03   - 0.78 0.14 
STD06    - 0.07 





FIGURE  1. Map of Lake Ontario showing sites where Chinook Salmon scales were collected by 
the NYSDEC Fishing Boat Creel Survey program from 1992-2005. Collection sites (indicated by 


























FIGURE  2. Digital image of a scale illustrating the longitudinal central transect, the two 15° 
angle transects, and the area of the focus.  Distance (0.0010 mm tolerance and 0.003 








FIGURE  3. Frequency distribution of the (A) width of circuli 0 to 1 and (B) focus area for 
known hatchery (open) and wild (filled) Chinook Salmon scales.  The assignment rules are 
indicated by the black dashed line and the assignment frequencies for the C01 assignment rule are 
displayed as an inset in the top panel (focus area was used in the discriminant analysis). 
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FIGURE  4. Distribution of known test samples classified by the discriminant function (n =89), 
where circles indicate known hatchery fish and triangles are known wild fish.  The inset table 












FIGURE  5. Scatterplot of fish length(mm) vs C01 distance (mm) of Chinook Salmon for wild YOY parr 
(open diamonds), YOY hatchery parr (filled diamonds), known hatchery adults (open triangles) and 
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FIGURE  6. Estimated proportion of wild-origin age-3 Chinook Salmon in Lake Ontario (Fa) derived 
from the circulus 0-1 distance decision rule (triangles) and the two-factor discriminant analysis (squares) 
of fish sampled during open lake creel surveys.  The error bars represent 95% confidence intervals. 
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FIGURE  7. Changes in proportion of wild-origin Chinook Salmon through ontogeny in Lake Ontario.   
The error bars represent 95% confidence intervals. Years with the same letter are not significantly 









































FIGURE  8. Minimum daily discharge at Pineville gauge in the Salmon River, NY from 1993-1996 (A, 
pre-baseflow conditions) and from 1997-2002 (B, post base-flow conditions).  Heavy horizontal lines 
denote minimum flows set by FERC relicensiing agreement during summer (dashed) and fall-winter-
spring (solid). Discharges were calculated based on measurements taken every 15 minutes. Extremely low 
discharges occurred only during summer periods after Chinook Salmon smolts have left the river. Note: 








CHAPTER 3. RELATIVE SURVIVAL AND IMPRINTING OF PEN-ACCLIMATED AND DIRECT-




We determined the stocking origin of the Chinook Salmon (Oncorynchus tshawytscha) harvest and 
compared the relative survival and tributary returns of pen-acclimated and direct-stocked Chinook Salmon 
at eight sites in Lake Ontario.  Chinook Salmon parr were coded-wire-tagged in 2010, 2011, and 2013 and 
adult salmon were recovered in the lake and tributaries from 2011-2017. Recoveries indicated that pen- 
stocking provided significantly better relative survival with an average of 1.8 [SE=0.24], 2.3 [SE=0.24], 
and 2.4 [SE=0.37] times greater contribution, respectively, to the lake fishery than direct-stocking.  After 
accounting for lake survival, pen-stocking also provided significantly better returns to tributaries than 
direct-stocking at some sites, with average return ratios of 1.1 [SE=0.2], 1.2 [SE=0.15] and 1.4 [SE=0.29] 
respectively, for the three cohorts studied.  Port-specific Chinook Salmon harvest in the lake from June-
August was comprised of salmon stocked at sites throughout the lake, indicating a well-mixed population 
prior to the pre-spawn staging period. Of the eight lake ports analyzed in June-August, a minority of the 
Chinook Salmon harvested by anglers were stocked at each site (mean=13%, SE=2%) or at nearby sites 
(mean=22%, SE=2%), with most originating from stocking sites greater than 30 km away. In September, 
stocked Chinook Salmon became more segregated in the lake, with angler harvest at each site consisting of 
a higher percentage (mean=36%, SE=4%) of salmon stocked at those sites and nearby sites (mean=29%, 
SE=4%), suggesting that Chinook Salmon began staging in this period. In contrast, most Chinook Salmon 
harvested by tributary anglers in October were stocked at those sites (mean=67%, SE=4%), indicating good 
imprinting of both pen and direct-stocked Chinook Salmon. Most strays in tributaries were stocked at 
nearby sites, benefitting local fisheries, and including streams not previously stocked. Increased Chinook 
Salmon catch rates in the lake fishery coincided with increased use of pen-acclimation and a declining 
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preyfish population, underscoring the importance of evaluating outcomes of implementing new stocking 
policies.  
INTRODUCTION 
Chinook Salmon (Oncorynchus tshawytscha) is the top predator in Lake Ontario and supports a 
multi-million-dollar sportfishery in New York State and the Province of Ontario, Canada. The New York 
State Department of Environmental Conservation (NYSDEC) and the Ontario Ministry of Natural 
Resources and Forestry (OMNRF) successfully introduced fall-run Chinook Salmon into Lake Ontario in 
1968, and by 2016 stocked 2.3 million Chinook Salmon annually at dozens of sites around the lake.  Wild 
fish from natural reproduction also comprise an important component of the lake and tributary Chinook 
Salmon fisheries.  These wild fish average 46% of the adult lake harvest and contribute between 10-70% 
of the tributary harvest, depending on location (Connerton et al. 2009, Connerton et al. 2015). Stocking, 
however, remains an important management tool for supplementing an intensive Chinook Salmon fishery 
in Lake Ontario.   
Lake Ontario hatcheries stock Chinook Salmon fingerlings (~5 months old) prior to smolting, an 
important life stage when the fish undergo physical transformation and imprinting to the site where they 
smolted. Imprinting is certainly a more complex process and can occur over one or more migratory stages, 
but salmon generally return to the site from which they were released (Donaldson and Allen 1958; Ricker 
1972). Fish that are transported and released off-site tend to stray more than fish that are released directly 
from the rearing site due to interrupted imprinting (Lister et al. 1981; review by Quinn 1993; Hard and 
Heard 1999; review by Keefer and Caudill 2014). Many studies have identified the parr–smolt 
transformation as an important period for olfactory imprinting (Hasler and Scholz 1983; Dittman and Quinn 
1996; Dittman et al. 2010). Parr-smolt transformation timing is related to fish size, growth rate, temperature, 
and photoperiod (Holtby et al. 1989; McCormick et al. 1998; Negus 2003; Sykes et al. 2010; Sharron 2015).  
Fish released too long before or after parr-smolt transformation may not experience the right combinations 
of temporal, spatial, and physiochemical parameters necessary for successful imprinting (Unwin and Quinn 
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1993; Keefer and Caudill 2014). Stocking strategies attempt to balance the assumed benefits of higher 
survival gained by stocking larger salmonines (Bilton 1984; Martin and Wertheimer 1989; Morley et al. 
1996; Ward and Slaney 1988; Beckman et al. 1999; Tipping 2011) against stocking smaller fish at sites, in 
order to discourage smolting at hatcheries, and instead encourage smolt imprinting to transplantation sites 
and homing later as adults.  Maximizing homing and minimizing straying provides a reliable late-summer 
lake fishery and a fall tributary fishery at stocking sites around Lake Ontario. On a broader scale, 
minimizing straying of hatchery stocked fish is important for reducing negative effects of hatchery Chinook 
Salmon on wild populations in their native range, e.g., introgression and competition (Hard 1995; Keefer 
and Caudill 2014) 
To increase imprinting and survival of stocked fish, Lake Ontario fisheries managers use pen-
acclimation, where small Chinook Salmon (e.g., 120 fish/lb, ~3.8 g; ~4 months old) are transported from 
the hatchery to net pens and raised there for about 3 weeks until they reach a target size (i.e., 90 fish/lb, 
~5.1 g).  Pen projects exist at eight sites in New York (Figure 1), where volunteers feed and care for the 
fish (Sanderson et al. 2016).  Pen-reared Chinook Salmon are typically released at sizes larger than those 
stocked directly from the hatchery on about the same date because the higher temperatures and lower 
densities in pens are better for growth. Pen-raised salmon have been assumed to be better acclimated to 
environmental conditions at stocking sites and assumed to exhibit higher survival and better imprinting to 
the stocking site; however, no comprehensive study of pen-acclimation has been conducted on Lake 
Ontario. A previous study at two Chinook Salmon pen-acclimation sites in Lake Ontario was equivocal, 
with only one site showing improved returns (Bishop et al. 2006). In that study, stocking methods were 
only assessed by comparing salmon returning to tributaries, so it was unknown whether pen-acclimation 
improved survival, imprinting or both. Yet pen stocking has gained in popularity in Lake Ontario since first 
implemented in 1998, and approximately 30% of the hatchery Chinook stocked by New York and Ontario 
have been raised in net pens since 2012 (Connerton 2019; OMNRF 2019).  
Pen-acclimation has been used elsewhere in the Great Lakes (Savitz et al. 1993; Johnson et al. 
2007) and in the Chinook Salmon’s native Pacific range to: 1) increase homing of fall-run hatchery Chinook 
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Salmon (Dittman et al. 2010); 2) reduce interactions with wild fish (Rosenberger et al. 2013); 3) reduce 
inter-basin straying (Clarke et al. 2016); or 4) increase survival by avoiding poor habitat quality (Palmer-
Zwahlen and Kormos 2013). Studies evaluating pen-acclimation have focused on relative returns of 
spawning fish to release sites for drawing inferences about the effects on survival, straying or homing. Few 
studies have compared both the relative survival and imprinting of pen-acclimated and direct-released 
Chinook Salmon or accounted for survival differences prior to imprinting comparisons. We hypothesized 
that acclimating pre-smolt Chinook Salmon in pens will increase smolt to adult survival and imprinting, 
depending on the size and timing of release compared to direct-stocking.  
In this study, we tested the null hypothesis that pen-acclimation has no effect on survival or 
imprinting of Chinook Salmon. We evaluated the outcomes of pen-acclimation for increasing survival and 
imprinting to eight stocking sites in Lake Ontario. Our objectives were to: 1)  determine the stocking origin 
of fish harvested during the lake and tributary fishing seasons at individual stocking sites to understand 
Chinook Salmon movement in the lake, and homing and straying to stocking sites; 2)  compare the relative 
recoveries (i.e. harvest) of pen-acclimated vs. direct-stocked Chinook Salmon in the lake fishery as a 
measure of survival; and 3)  compare the relative returns (i.e. harvest) of pen- and direct-stocked Chinook 
Salmon to tributary fisheries as a measure of imprinting effectiveness. 
 
METHODS 
NYSDEC and OMNRF stock “ocean-type” Chinook Salmon originally derived from the University 
of Washington’s Green River strain (Weeder et al. 2005). Both agencies collect eggs for propagation from 
feral adults returning to Lake Ontario tributaries for spawning. NYSDEC maintains a “brood” collection 
site at the Salmon River Hatchery (SRH) near Altmar, NY (Figure 1), where eggs are collected primarily 
in October from adult salmon that have entered the hatchery through a fish ladder. Fertilized eggs are 
incubated and typically hatch in late December, and the salmon fry are raised until springtime when they 
are stocked as fingerlings at twelve sites along the New York shoreline in April or May (Table 1, Figure 
1). Pen-acclimation of Chinook Salmon parr-smolts occurs at eight sites in New York, and a portion of the 
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stocking target at each location are also direct-stocked. The study was conducted with three cohorts (i.e., 
2010, 2011, and 2013) in which Chinook Salmon parr were marked by adipose clip and coded-wire tagged 
at SRH in early to mid-April prior to transferring to pens at acclimation sites or stocking direct at sites 
several weeks later. 
 
Mass Marking 
Marking and tagging were completed with the AutoFish system (Northwest Marine Technology 
Inc.), which is contained in a 45 ft portable trailer. This automated tagging and fin clipping system has been 
used extensively in the Pacific Northwest (Nandor et al. 2010) and more recently in the Great Lakes (Bronte 
et al. 2012) and is capable of clipping the adipose (AD) fin and/or applying coded-wire-tags (CWTs) 
(hereafter AD-CWT) to salmonids automatically at a high rate of speed and accuracy (referred to as “mass 
marking”).  Several other Chinook Salmon marking studies were conducted by NYSDEC and OMNRF 
during this study, and objectives and results are detailed elsewhere (Connerton et al. 2015; Ontario Ministry 
of Natural Resources 2015); however, all AD-CWT totals are provided in Table 2 for completeness since 
we include some results and discussion of Ontario tagging recoveries.  
Chinook Salmon were tagged with CWTs unique to the stocking site and method of stocking (pen- 
acclimated, direct-release) at each of eight pen and direct-stocked sites in 2010, 2011, and 2013 (Table 1). 
Different sites have different numbers of salmon allocated to pen- and direct-stocking, and different 
numbers of pens. NYSDEC regional fisheries managers established allocations at sites prior to conducting 
the study.  Allocations depended on the site conditions, the size of local fisheries, and abilities of volunteers 
to care for fish and pens.  In the hatchery, Chinook Salmon parr were normally held at 37,500 fish per 
raceway, which also constrained our study design somewhat. We designed the study so that the initial 
numbers of marked fish between treatments were approximately 1:1 to minimize recapture sample size 
requirements (Elrod and Frank 1990), and to maintain consistency with usual hatchery practices and 
stocking allocations. We also planned for adequate numbers of marked fish to maximize the chances of 
recapturing enough fish to detect at least a 20% difference (if one existed) between treatments at α=0.05 
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with a power of at least 80%. This threshold and confidence level were set after consultation with fisheries 
managers who decided that 20% poorer performance of pen-reared fish would warrant discontinuation of a 
pen project. Considering the above and hatchery limitations for holding tagged fish lots separately, not all 
fish at all sites were tagged (although all were clipped) and stocking equal numbers of pen-acclimated and 
direct-stocked fish was not feasible at most sites. Fish were tagged in lots of 37,500 or less, and then 
depending on the stocking target for the site, some fish with only an AD clip were added to meet the stocking 
target for that site (Table 1). Approximate numbers of marked fish for this study are provided in Table 1, 
but actual stocking numbers varied slightly (mean difference=±2%, max.=5%) due to differences in tag 
retention or minor mortalities after marking, and these numbers are provided in Appendix Tables 3.4, 3.5 
and 3.6. 
 
Marking Quality Control 
The AutoFish system’s built-in quality control features verified removal of the adipose fin and 
checked for the presence of a CWT for each fish. Fish marked AD-CWT successfully were returned to the 
hatchery, but fish without an AD clip and/or CWT were rejected and sent to a holding area where they were 
manually clipped and tagged.  In addition, marking quality was manually verified by agency staff during 
the tagging operation from 2010-2013. Each raceway of fish received a unique six-digit CWT code. For 
each raceway during operation, 100 fish from each of the AutoFish’s six marking lines were examined to 
ensure clip quality and CWT presence, and to detect any problems with individual marking lines. Samples 
of fish were also checked upon exiting the trailer (100 fish per day), and in raceways after returning to the 
hatchery (100 fish per raceway).  
To estimate CWT retention for this study and to check clip quality each year, samples of Chinook 
Salmon were checked for an AD clip and a CWT 21- 30 days post-tagging prior to stocking using a portable 
CWT detector (Hand et al. 2010; Blankenship 1990). Direct-stocked salmon were sampled at the hatchery 
(n=26-100 per tank) prior to transfer to release sites, and pen-acclimated salmon were sampled from pens 
(n=36-100 per pen) prior to release.  For each treatment and year class, we estimated the proportions of 
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tagged fish as 𝑝 = 𝑥 + 𝑧2 𝑛⁄ , and the standard error as 𝑆𝐸 = √𝑝 ∗ (1 − 𝑝)/𝑛 where x = number 
successfully tagged, n = number of trials, and z is the quantile of the standard normal distribution (Agresti 
and Coull 1998).   Since not all fish at some sites were tagged (Table 1), the expected percentages of tagged 
fish were calculated for each stocking site based on the numbers tagged and the numbers marked with AD 
only. For example, at the Oswego River pen site, 37,500 salmon were marked with AD-CWT, and 4,390 
salmon were marked AD clip, so the expected percentage of AD-CWT fish at that site was 89.5%.  
We also collected 30-100 pen-acclimated and direct-stocked fish prior to stocking to read and verify 
CWT codes at each site. In 2010 and 2011, samples for CWT code verification were collected from tanks 
on hatchery trucks during loading, and in 2013 samples were collected from the hatchery truck at the 
stocking site. Other measures to ensure that tagged fish went to the correct site included: 1) placing the 
name of the site on hatchery tanks after clipping and tagging; 2) numbering each tank in the hatchery and 
recording tank numbers and site names on AutoFish forms; 3) recording tank numbers, site names, stocking 
dates, and CWT codes on hatchery tank movement forms at time of stocking; and 4) retaining samples of 
CWT wire from each lot while marking. Tagged fish that died in the hatchery were subtracted to adjust 
stocking numbers, and estimated numbers of tagged fish at each site were based on tag retention analyses. 
 
Study Sites and Release Details 
Acclimation pens are constructed with aluminum or galvanized steel tubing supporting UV treated 
knotless nylon with a mesh size not exceeding ¼ inch, and dimensions (length x width x depth) of 6.1 x 1.8 
x 1.5 m. Flotation is added by attaching 6 in (127 mm) sealed PVC tubing along each side to provide 
roughly 30 mm of freeboard. NYSDEC pen guidelines (Sanderson and Wilkinson 2006) recommended 16 
kg m3 (1.0 lbs. per cu ft) as the upper limit to fish biomass holding densities in pens based on the anticipated 
release size at the end of the acclimation period (90 fish lb-1), and the estimated volume of water available 
to fish (i.e., pen minus freeboard volume), for a total fish density of 43,200 fish per pen. Guidelines were 
not exceeded in this study and densities averaged about 9.6 kg m3 (0.6 lbs per cu ft, Table 1).  Acclimation 
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pens are located mostly in tributaries 300-1500 m upstream from the lake, except at Niagara River (9.8 km 
upstream). At Sodus Bay (3.2 km from the lake) and Fairhaven (3.0 km from the lake) pens are located at 
marinas in bays and not associated with specific tributaries.  
Chinook Salmon were transferred to pen sites in mid to late April at total lengths (TL) averaging 
71 mm (3.5 g) and held in pens for approximately 21 days. Average size at release was 86 mm (7.1 g) and 
mean dates of release were May 8th, 13th, and 18th in 2010, 2011, and 2013, respectively. Direct-stocked 
salmon averaged 77 mm TL (4.3 g) with mean stocking dates of May 14th, 12th, and 24th (Appendix Tables 
3.1, 3.2, and 3.3). In 2013, temperatures at the Sandy Creek pen site were too warm so fish were not stocked 
into pens and no fish were clipped or tagged for that site (Table 1). At Oswego in 2013, AD-CWT fish in 
pens were released three days after being stocked into pens because of warm temperatures.  
 Pen-acclimated and direct-stocked fish were not typically released on the same day and were not 
always released at the exact same location; however, at most sites with the exception of Fairhaven, 
treatments were released within a few hundred meters and within 10 days of each other (mean 
difference=3.5 days). At Fairhaven, direct-stocked fish were released ~5 km upstream in Sterling Creek, a 
tributary adjacent to the bay, and pen fish were released at the channel opening to Little Sodus Bay, which 
is 500 m from the mouth of Sterling Creek. Numbers stocked, stocking time and site conditions were 
different and may have influenced study outcomes, but these differences were consistent with usual 
stocking practices and evaluating the outcomes of these practices was one aim of this study.  For details of 
locations, pen stocking sizes and dates of stocking and release, see Wilkinson et al. 2011; 2012; and 2014, 
and Appendix Tables 3.4, 3.5, and 3.6. 
 
Field Sampling 
In Lake Ontario, the Chinook Salmon lake fishery is comprised of recreational or charter boats (no 
commercial netting) and occurs mainly from April (after ice out) until the end of September when salmon 
run into tributaries for spawning. Chinook Salmon are available to anglers throughout the fishing season, 
although effort and harvest varies among months, with the majority of harvest occurring in July, August, 
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and September (e.g., estimated monthly harvest averaged 28%, 37%, and 16% respectively of total annual 
harvest in those months, 2011-2017, Lantry and Eckert 2018).  For this study, angler-harvested Chinook 
Salmon were sampled as part of the New York Lake Ontario Fishing Boat Survey from April - September, 
2011-2017 (Lantry and Eckert 2018).   The survey deploys two survey teams to cover 29 access channels 
along New York’s shoreline from the Niagara River to Henderson (Figure 1) and applies a stratified random 
design to proportionately allocate sampling effort among days and channel types for each month based on 
expected estimates of fishing boat effort.  U.S Fish and Wildlife Service (Service) deployed two additional 
technicians from July-October specifically to process Chinook Salmon for clip and CWT recovery during 
the lake and tributary angling seasons and in 2012, 2013 and 2016, NYSDEC deployed an additional two 
technicians from July-October to increase sampling effort for recovery of CWTs. Technicians focused on 
medium, high and super-use angling ports, fishing derbies, cleaning stations, and pen evaluation sites. At 
some ports, groups of anglers at marinas were contacted periodically by phone and arrangements were made 
to sample the day’s harvest at private docks. In each year of the study, harvested Chinook Salmon were 
measured for total length (TL, mm) and weight (kg), examined for fin clips and CWTs, and a sample of 
scales was collected from each fish for archival collections and ageing of untagged fish. 
During fall tributary fishing (Sept. 15-Nov. 5, 2011-2016), technicians focused on major tributaries 
and pen sites including: the Niagara River, Eighteen Mile Creek, Oak Orchard Creek, Sandy Creek, and 
Genesee River in the western region, and Maxwell Creek, Sodus Bay tributaries (Sodus Creek and Second 
Creek), Wolcott creek, Fairhaven tributaries (east and west branch of Sterling Creek), Oswego River, South 
Sandy Creek and Salmon River in the east (Figure 1).  Extra technicians (6-8) were assigned to tributary 
sites to visit each site at least 15 days during the spawning run (15 September- 5 November). Because most 
fish were sampled from fish cleaning stations, anglers were asked where their fish were caught to record 
capture locations.  Recovery efforts also included walking streams to sample anglers’ harvest in fall, 
sampling salmon carcasses in the streams (2012-2016), and electrofishing some streams (2013-2016).  
In 2011-2016, freezers were placed at six locations along the lake for cooperating anglers to place 
Chinook Salmon heads. Freezers were checked periodically; all snouts were scanned for the presence of a 
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CWT and if present, were sent to the Service’s Great Lakes Fish Tagging and Recovery Laboratory 
(GLFTRL) in New Franken, WI for processing. These samples were only included in analyses of CWT 
recoveries. 
 
Data Analyses   
Stocking Origin of Harvested Chinook Salmon 
To gain insights into Chinook Salmon movement, mixing, and imprinting we determined the 
stocking origin of coded-wire-tagged Chinook Salmon harvested at eight stocking sites during the lake and 
tributary seasons. We considered three periods: 1) in the lake, a “pre-staging” period when we hypothesized 
that the Chinook Salmon population would be well-mixed and predicted the harvest at individual ports 
would comprise Chinook Salmon from many stocking sites; 2) a “staging” period, when Chinook Salmon 
would be homing to their stocking sites, hence we hypothesized that the lake harvest at individual sites 
would comprise a higher percentage of fish stocked at those individual sites than during the mixed period; 
and 3) a spawning period in the tributaries. We hypothesized that if imprinting was successful, most 
Chinook Salmon harvested at individual tributary sites in October would be comprised of fish stocked at 
the site. To evaluate movement, mixing and imprinting of stocked Chinook Salmon from the eight stocking 
sites (Figure 1, Table 1), the numbers of tagged salmon sampled at each port or tributary were tabulated by 
month according to their stocking origin, i.e., by year-class (2010, 2011, or 2013), stocking location (1 of 
8 sites) and stocking method (pen vs direct) as identified by their unique CWT code. Tagged fish were 
classified as either stocked at the site, at nearby sites (within 30 km), or at “distant” sites (>30km away). 
The total recoveries in each category at each lake port or tributary from 2011-2017 were standardized to 
account for different numbers tagged among the various sites contributing to each proximity category 
according to their stocking origins. Heterogenous harvest and sampling effort may have influenced results 
if we pooled across sites, therefore we restricted our initial summations and analysis to each site. We 
calculated the percent composition of each proximity category (i.e., stocked at site, near, or distant) for each 
site and month in the lake and tributary harvest samples.  
81 
 
This analysis was also used to determine the appropriate months to compare relative survival of 
penned and direct-stocked salmon in the lake harvest while minimizing effects of imprinting (see Lake 
Recoveries section below).  In the lake, we assumed that a significant increase in the percent composition 
of those stocked at a port indicated the month when staging began. This pattern may vary across sites, 
therefore we considered port as a covariate and tested for significant effects of month and port on the percent 
composition of proximity categories occurring in the harvest at eight ports using beta regression.  Beta 
regression is a generalized linear model useful for fitting proportions whose distributions are 
heteroskedastic or asymmetric (Ferrari and Cribari-Neto 2004, Smithson and Verkuilen 2006, Cribari-Neto 
and Zeileis 2010).   
  
Lake Recoveries of Pen-acclimated vs Direct-stocked Chinook Salmon.  
To compare the relative recoveries of pen-acclimated vs. direct-stocked Chinook Salmon in the 
lake fishery (as an index of relative survival), CWTs recovered from age-1 and older salmon from 2011-
2017 were grouped by unique codes that identified the fish’s stocking origin (i.e., year class (y), site, age, 
and treatment: pen (P) or direct (D)). Total recoveries for each origin were tabulated from 2011-2017.  For 
each paired release, the distribution of pen-acclimated and direct-stocked salmon were assumed to be 
identically distributed and independent, and we assumed that early hatchery rearing was identical prior to 
direct-stocking or acclimation pen stocking (Elrod and Frank 1990). Expected lake recoveries (r) of a 
treatment t (pen, p; or direct, d) for a given yearclass (y) and age (a) was: 
 E(rtay) = Nty * Tty * Stay* Ptay [1] 
 where the expected recoveries are a function of the number released (N), the probability of a fish being 
tagged (T), the probability of a fish surviving to the harvest (S), the probability of a fish being captured in 
the harvest (harvest effort, f), and the probability of a fish being sampled in the harvest (sampling effort, 
P).  Accounting for f and P may be necessary in cases when some sites’ fish could be recovered more than 
others because of their proximity to ports and the effort at ports, which may bias recoveries in cases 
comparing survival across sites. In our case, however, comparisons were made between treatments within 
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a site, not across sites. We assumed that fish of each treatment were equally likely to be harvested or 
sampled in the lake prior to the staging period (when fish were assumed mixed) so these effects were not 
included in the model. The expected lake recovery rates (Ryat) were modelled with a quasipoisson general 
linear model with a log link function of the form:   
 log(r)= 𝛽0 + 𝛽1𝑆𝑖𝑡𝑒 + 𝛽2𝑦𝑒𝑎𝑟𝑐𝑙𝑎𝑠𝑠 + 𝛽3𝑎𝑔𝑒 + 𝛽4𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 + 𝑜𝑓𝑓𝑠𝑒𝑡 (log (𝑁 ∗ 𝑇) [2] 
Poisson regression models, using a log-link with N as an offset and a single overdispersion parameter have 
been used for recoveries of tagged salmon by others (Cormack 1993; Newman and Rice 2002). All 
covariates were modelled as factors. We performed analysis of deviance to test the significance of the 
variables. For each year-class, at each of eight sites, age- and treatment specific recovery rates (Rp, Rd), 
recovery rate ratios (Rp/Rd), and standard errors for each treatment were estimated from the model using the 
emmeans package (Lenth 2019) in R statistical software. Logically, recovery rate ratios of pen- and direct-
stocked salmon (Rp/Rd) should equal 1 if no differences in survival from smolt to the lake harvest existed 
between the stocking treatments, which was our null hypothesis. Since it is unlikely that harvest and 
sampling effort was homogenous across ages, we calculated the weighted averages of log rate ratios across 
age specific strata, and then took the antilog of the weighted average to estimate the age adjusted rate ratios 
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where a1i and a2i are the number of cases in pen and direct treatments in each age strata (Rosner 2017). We 
tested whether Rp/Rd was significantly different from 1 using a z test. The 100 x (1- α) confidence interval 
(CI) is given by [exp(c1), exp(c2)] in which,    









Tributary Returns of Pen vs Direct-Stocked Chinook Salmon 
To compare returns of pen- and direct-stocked salmon to tributaries (i.e., to evaluate imprinting) 
to the eight pen stocking sites (Figure 1, Table 1), we sampled Chinook Salmon in the tributaries 
September-November 2011-2016 at each pen site and nearby streams.  For each tagged Chinook Salmon 
sampled, we determined stocking origin, treatment, age, and year-class from the retrieved CWT code and 
tabulated recoveries.   The expected smolt to adult recoveries (SAR) in a tributary for treatment (t, pen-
acclimated or direct-stocked), cohort y, and age a was: 
 E(rtay) = Nty * Tty * Stay* Ity* Ptay * Mtay [6] 
Where: Tty = probability of being AD-CWT for treatment t and cohort y (conditional on being in target 
AD-CWT group); Stay = probability of lake survival to mature at age a for treatment t and cohort y; Ity = 
probability of imprinting for treatment t and cohort y; Ptay = conditional probability of observation in a 
tributary (related to sampling effort) for treatment t, cohort y, and age a; and the probability of maturing at 
age a for treatment t. The parameter Stay was estimated based on lake harvest recovery rates (i.e., Rpay or 
Rday) and was included to account for differential, open lake-survival of treatments. We assumed maturity 
was equal between treatments; however, we used the age specific recovery rates for each site, treatment, 
and year-class because these changed with age within a single year-class (Appendix Tables 3.1, 3.2, 3.3). 
Analysis of lake coded-wire-tagged salmon suggested that recoveries of Chinook Salmon tags from June-
August during the study were mixed (Figure 2), i.e., harvest at ports consisted of fish stocked at many 
locations (Supplemental figures 1a-1d), so recoveries during this period were considered unbiased 
towards any specific site or stocking method.   
To test for imprinting differences between pen and direct-stocked Chinook Salmon, the expected 
SAR rates of each treatment, year-class and age at each tributary site were estimated with a quasi-poisson 
general linear model of the form:  
 log(r)= 𝛽0 + 𝛽1𝑆𝑖𝑡𝑒 + 𝛽2𝑌 + 𝛽3𝑎𝑔𝑒 + 𝛽4𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 + 𝑜𝑓𝑓𝑠𝑒𝑡 (log (𝑁 ∗ 𝑇 ∗ 𝑆) [7] 
For each year-class, at each of eight sites, age, and treatment specific SAR rates (SARp, SARd), 
standard errors for each treatment and SAR rate ratios (SARp/SARd) for each site and year-class were 
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estimated from the model using the emmeans package (Lenth 2019) in R statistical software. As in the lake, 
SAR rate ratios (SARp/SARd) should equal 1 if no differences in returns (i.e., imprinting) existed between 
treatments, which was our null hypothesis (See Supplement 1 for further explanation). Pooling age specific 
SAR rate ratios within a year-class was not appropriate since it is unlikely that harvest and sampling effort 
was homogenous across ages; therefore, we calculated the weighted averages of log rate ratios across age 
specific strata for each site and year-class using equations (3, 4 and 5) and tested the null hypothesis 
SARpy/SARdy = 1 using a z test.  All statistical analyses were conducted using R software version 3.3.2 (R 
Core Development Team 2016). 
 
RESULTS 
Marking Quality Control 
Manual quality control (QC) checks during the marking and tagging process showed excellent 
results with greater than 99% of the fish sampled having an AD clip and greater than 99.6% of tagged fish 
sampled having a CWT (Table 3). Clipping quality and tag retention remained high when checked 21-30 
days after tagging (Table 3). 
Clipping quality measured at pen sites prior to stocking was also excellent: in 2010 2,537 fish were 
examined in 19 pens with an average clipping percentage of 99.6% (standard deviation (SD) =1.0%); in 
2011 1,932 fish were examined in 18 pens with average clipping percentage of 98.9% (SD=1.7%); and in 
2013 1,331 fish were examined in 15 pens with an average of 98.0% (SD=1.0%). Tag retention was also 
high. As previously described, not all Chinook Salmon stocked at pen and direct-stocked sites were tagged 
(Table 1); therefore, the percentages of tagged fish recorded at each site during QC checks were compared 
against expected. For all sites in all years, the percentages of tagged fish were within +/- 1% of expected 
and mean estimated tag retention across sites was 98.8% (SD=1%), 95.9% (SD=2%) and 99.2% (SD=1%) 
for the three cohorts, respectively. 
In 2011 and 2013, samples of 100 fish per direct-stocked site were checked for clip quality and tag 
retention in hatchery tanks prior to adding AD only fish and stocking.  In 2011, average clipping percentage 
85 
 
was 99.4% among tanks (n=12 tanks, 1,201 fish, SD=0.9%), and average tag retention was 98.7% (SD = 
1.1%) when checked 30 days post tagging. In 2013, average clipping percentage among tanks was 99.1% 
(n=11 tanks, 1,100 fish, SD=1.1%), and average tag retention was 99.2% (SD=1.0%) when checked 
approximately 21 days post tagging. Also see Appendix Tables 3.4, 3.5 and 3.6 for site details. 
 
Stocking Origin of Chinook Salmon Harvested at Sites  
From 2011-2017, a total of 3,587 and 6,170 tagged Chinook Salmon were recovered from the lake 
and tributary harvests, respectively. Most lake samples (84%) came from July through September 
(July=22%, August=38%, and September=24%). To determine the pre-staging and staging periods, we 
focused our analysis of harvest composition and stocking origin in July-September because sample size 
was satisfactory at each port and month, except at Genesee River in July (n=7), at Sandy Creek in August 
(n=18) and at Sodus in September (n=11) so these were omitted from comparisons of monthly mean percent 
composition. For all other ports and months, sample sizes (n) in the lake ranged from 25 to 348 fish per 
month (mean n=131).  
We conducted beta regression analysis to test for significant effects of month and port on the 
percent composition of proximity categories occurring in the harvest at eight ports using beta regression. 
The model that included proximity port and month and first order interactions was selected as the most 
parsimonious based on Bayesian Information Criteria (BIC=-63.9). The selected model provided reasonable 
fit (Pseudo R2= 0.74).  All main effects and interactions were significant (Table 4).  The mean percentage 
of Chinook Salmon harvested at a port that were stocked at the site (Figure 2) varied significantly between 
months (Chi square= 72.5, df=6, P<0.0001), with September (mean [M]=39%, SE=4%) significantly higher 
than June (M=17%, SE=4%), July (M=13%, SE=3%) and August (M=19%, SE=3%); which were not 
significantly different.  The mean percentage of Chinook Salmon harvested at a port that were stocked at 
distant sites varied among months, with September (M=36%, SE=4%) significantly lower than June 
(M=70%, SE=4%), July (M=72%, SE=4%) and August (M=57%, SE=4%).  The mean percentage of fish 
harvested at the sites that were stocked at nearby sites in all months (22%, 24%, and 29%, respectively, in 
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July-September) were not significantly different. Based on the above results, recoveries from April-August 
were combined and classified as pre-staging recoveries and September as staging. 
During the pre-staging period (April-August recoveries combined) Chinook Salmon harvested at 
each port were comprised of fish stocked at all sites. Of the eight lake ports sampled (n = 84-842 per port), 
only 13% on average of the Chinook Salmon harvested by anglers during this period were stocked at the 
site (standard error [SE] =1.2%, range=6-16%), and only 22% on average were from nearby sites 
(M=22.2%, SE=5.4%, range=15-32%), with most fish originating from stocking sites greater than 30 km 
away (M=64.8%, SE=2.4%, range=54-72%). Overall, each port harvested Chinook Salmon from 11-15 
stocking sites (Supplement Figure 1a-1d).  Harvests at sites in eastern Lake Ontario included fish stocked 
in western Lake Ontario and vice versa and included Chinook Salmon stocked in the Province of Ontario. 
In fact, Chinook Salmon stocked by Province of Ontario made up an average of 16.6% (SE=3.4%) of the 
fish caught by New York anglers during the pre-staging period from 2011-2017 (Appendix Figures 3A-
3D), which is higher than expected based on their stocking numbers (i.e., Ontario tagged 11% of the 
Chinook Salmon stocked for the three year-classes). Tag recoveries by OMNRF suggested that New York 
stockings also contributed to Province of Ontario sport fisheries. Of 315 tags recovered from angler-caught 
Chinook Salmon in Ontario waters from 2011-2014, New York Chinook Salmon made up 87.3% of the 
sample, compared with 87.7% tagged by New York in 2010 and 2011 (no effort by OMNRF in 2015-2016 
to recover 2013 year-class, see OMNRF annual reports, OMNRF 2011-2015).  Chinook Salmon stocked at 
Salmon River were not tagged in 2011 and 2013 and all recoveries were combined; therefore, the percent 
composition presented for that site was biased low (Appendix Figures 3A-3D). 
In September, fish became more segregated in the lake compared with August. The harvest at each 
of the eight sites consisted of a higher percentage of Chinook Salmon stocked at those sites and nearby sites 
(Figure 3, Appendix Figures 3A-3D) compared to distant sites, which suggested that Chinook Salmon 
began staging in this period. Across the eight ports sampled, 36% on average (SE= 5.0, range=17-60%) of 
the Chinook Salmon harvested were stocked at the site, and an average of 29% (SE=3.9%, range=6-41%) 
were stocked at nearby sites. The number of stocking sites contributing to each port’s fishery declined to a 
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range of 4-9 sites compared to 10-15 in the prestaging period (includes Ontario stocking sites).  The 
contribution of OMNRF-stocked salmon to the harvest also declined compared with July. Chinook Salmon 
harvested at western ports in September still included fish originating from eastern stocking sites (e.g., 
Oswego at Niagara (3%) and Eighteen Mile (6%), Appendix Figure 3A). Even when we only included 
presumably mature salmon (i.e., ages 3 and 4) in the analysis, we still found a mix of salmon in the harvest 
originating from eastern and western regions.   
During the spawning period (Figure 3, Appendix 3A-3D), Chinook Salmon harvested in tributaries 
were comprised mainly of fish stocked at the site, with most strays from nearby stocking sites, and relatively 
few strays from distant sites. For example, strays at Eighteen Mile Creek consisted of salmon from Niagara 
River and Oak Orchard Creek stockings. At Sandy Creek, most strays were from stockings at Oak Orchard 
Creek, Eighteen Mile Creek, and the Genesee River; and at Sodus most strays were from Fairhaven and 
Genesee stockings. This was not the case at the Oswego River where strays were from several sites 
including western (Oak Orchard, Eighteen Mile Creek) and eastern sites (Sodus, Fairhaven). Of the eight 
sites sampled in October during tributary spawning runs, an average of 67% (SE=4.4%, range=44-93%) of 
the Chinook Salmon harvested by anglers were comprised of salmon stocked at the site, and an average of 
20% (SE=3.2, range=5-34%) of the fish were strays from nearby sites. The numbers of stocking sites 
contributing to each tributary’s harvest ranged from 6-9 sites each.  
 
Lake Recoveries of Pen vs Direct-Stocked Chinook Salmon 
  A poisson model fit the lake recovery data reasonably well (McFadden’s Psuedo R2= 0.65). 
Overdispersion was not indicated by the results of a dispersion test with the R package countreg (z = -
0.85498, P= 0.5).  The most parsimonious model based on Akaike’s Information Criteria (AIC) was one 
that included all four main effects (cohort, location, treatment, age) and two-way interactions between the 
main effects (Table 5). The final model’s residual deviance was significantly lower than the null model 
(Likelihood Ratio G2=101.8, df=83, P<0.0001). Recovery rates (R) ranged from 0.03 to 1.22 per 1000 fish 
per year, with significant differences between treatments depending on age, yearclass and location 
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(Appendix 3.1, 3.2, and 3.3). Differences between treatments for each yearclass, location and age were 
assessed by comparing recovery rate ratios (Rp/Rd) with 1, and by comparing weighted averages of Rp/Rd 
across ages for each yearclass and location to indicate relative survival of treatments from smolt to lake.   
For the 2010 year-class, 981 tagged Chinook Salmon from pen and direct stockings were recovered 
from the lake fishery from 2011 to 2014.  Pen-acclimation provided an average of 1.9 (SE=0.24) times 
higher recovery rates than direct stocking (Figure 4, Appendix Table 3.1, Rp/Rd ranging from 1.1 to 3.2). 
Recovery rate ratios (Rp/Rd) were significantly greater than the null (1.0) for five of eight sites evaluated:  
Eighteen Mile, Oak Orchard, Genesee, Sodus, and Fairhaven.    
For the 2011 year-class, 1,230 tagged Chinook Salmon from pen- and direct-stockings were 
recovered from the lake fishery from 2012 to 2015 (Figure 4, Appendix Table 3.2). Similar to the 2010 
year-class, pen-stocking provided on average 2.3 (SE=0.29) times higher relative recoveries in the lake 
fishery compared to direct-stocking, ranging from 1.1 to 3.2.  Recovery rate ratios were significantly greater 
than 1.0 for all sites except for the Oswego River (Rp/Rd=1.14 [SE=0.26]).  
For the 2013 year-class, 1,157 tagged Chinook Salmon from pen- and direct-stockings were 
recovered from the lake fishery from 2014-2017 (Figure 3, Appendix Table 3.3). Pen-stocking provided an 
average 2.4-fold higher relative recoveries compared to direct-stocking, the highest average ratio of the 
three year-classes studied. Mean ratios ranged from 0.9 to 4.0 for the seven sites evaluated, and recovery 
rates of pen fish in the lake were significantly higher than direct-stocked Chinook Salmon at all sites except 
the Oswego River (Rp/Rd=0.9, SE=0.18). Of the three year-classes studied at Oswego, only the 2010 year-
class showed a marginal advantage for pen stocking. It should be noted, however, that the pen fish were 
held only for three days prior to release because of warm water temperatures in 2013 (>18oC, Sanderson 
and Wilkinson 2006), and Wilkinson et al. (2012) raised water quality concerns at the pen site in 2011.  
 
Tributary Returns of Pen vs Direct-Stocked Chinook Salmon 
A poisson model was initially fit to tributary returns, and AIC indicated a best model which 
included all four main effects (cohort, location, treatment, and age), along with two-way and three-way 
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interactions as the most parsimonious (Table 6). A dispersion test on model results indicated overdispersion 
(R countreg:disptest, z = 15.677, p-value 3.756e-05), therefore a quasi-poisson was refit to the data with a 
dispersion parameter of 1.04.  The final model (Deviance=30.4, df=30) significantly reduced the deviance 
compared to the null model (Null Deviance=2590, df=137) with a pseudo R2 = 0.98.  
We compared the cohort and age specific smolt to adult return (SAR) rates of pen- and direct-
stocked Chinook Salmon to tributaries during fall spawning from 2011-2016 at the eight stocking sites.  
SAR ratios (SARP/SARD) that were significantly different than unity (1) indicated a significant pen 
(SARP/SARD>1) or direct (SARP/SARD<1) treatment effect (Appendix Tables 3.4, 3.5, and 3.6).  After 
accounting for relative lake survival, the average of site-specific estimates of SAR ratios of pen- and direct-
stocked fish across all sites for the 2010 year-class was 1.06 [SE=0.20], indicating no consistent difference 
between imprinting of pen- and direct-stocked salmon (Figure 5, Appendix Table 3.4). Weighted mean 
SAR ratios of pen- and direct-stocked salmon at Niagara, Eighteen Mile, Sandy Creek and Sodus Bay were 
not significantly different from 1. At Oak Orchard and Genesee River, pen fish returned significantly better 
than direct-stocked fish indicating better imprinting at those sites. Although pen fish from Fairhaven and 
Oswego performed significantly better than direct-stocked fish in the lake, imprinting to these tributaries 
was significantly poorer by pen fish with mean SAR ratios of 0.07 and 0.56, respectively (Figure 5, 
Appendix Table 3.4).  
After accounting for relative lake survival, the average of the 2011 year-class across all tributary 
sites was 1.1 [SE=0.2] with no consistent difference in imprinting; however, results varied among sites 
(Figure 5, Appendix Table 5). At Eighteen Mile Creek, Oak Orchard and Genesee River, pen fish returned 
significantly better than direct-stocked fish after adjusting for lake survival, with mean SAR ratios of 1.5 
[SE=0.11], 1.6 [SE=0.14], and 1.5 [SE=0.21], respectively. In contrast, at Fairhaven, the mean SAR ratio 
(M=0.28, SE=0.32) indicated that penned Chinook Salmon imprinted significantly worse than direct-
stocked Chinook Salmon for this year-class. Poorer imprinting by Fairhaven penned salmon is probably 




After accounting for relative lake survival for the 2013 year-class, SAR ratios of pen and direct-
stocked salmon across sites averaged 1.4 (Figure 5, Appendix Table 3.6). Weighted mean SAR ratios were 
significantly higher than stocking ratios at three out of the seven sites evaluated, including at Niagara, 
Eighteen Mile, and Oak Orchard with mean SAR ratios of 1.4 [SE=0.14], 2.0 [SE=0.14], and 2.8 [SE=0.19], 
respectively, indicating a significant pen imprinting advantage at these sites. Mean SAR ratios indicated 
significantly poorer imprinting by pen fish at Fairhaven (M=0.55, SE=0.19). Returns at Fairhaven indicated 
either worse imprinting by pen fish (at Fairhaven) or non-significant differences between pen and direct 
stocking (at Sodus) for all 3 YCs evaluated.  
 
DISCUSSION 
Stocking Origin of Chinook Salmon Harvested at Sites  
Chinook Salmon harvested in the lake from May through August were comprised of Chinook 
Salmon stocked at sites throughout the lake, which indicated a well-mixed population prior to the staging 
period in September. Of the eight lake ports summarized, only 13% of the Chinook Salmon harvested by 
anglers on average were Chinook Salmon that were stocked at the site or stocked at nearby sites (M=22%), 
with the majority of harvested Chinook Salmon originating from stocking sites from 30-130 km away. 
Since the Lake Ontario stocking program began in 1968, fishery managers and lake anglers have often been 
very focused on allocating stocking totals to specific ports, believing that stocking origin was important for 
producing quality fishing opportunities at each port. Results of this study suggest that this is not the case 
for most of the fishing season from May-August when an average of 84% of the harvest occurs (Lantry and 
Eckert 2018). Similar results have been observed for jurisdictional and port-specific recoveries of CWT 
tagged Chinook Salmon in Lake Michigan as well (Kornis et al. 2017; USFWS, unpublished data). 
Considering an adult Chinook Salmon’s swimming speed is estimated at 0.5m/s (Ogura and Ishida 1995), 
a salmon can swim the length of Lake Ontario in less than four days. Their distribution is likely influenced 
by the distribution of Alewife, Alosa pseudoharengus, their principal prey, which varies substantially within 
and among years (Riha et al. 2017; Weidel et al. 2019). Although not completely understood, Alewife and 
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Chinook Salmon distributions generally coincide, are limited to less than 25% of available habitat during 
stratified conditions (Goyke and Brandt 1993), and likely are determined by dynamic patterns of wind, 
current, temperature, and productivity throughout the lake.  
In September, stocked salmon became more segregated in Lake Ontario compared with August. 
The lake harvest at each of the eight sites consisted of a higher percentage (mean=36%) of Chinook Salmon 
stocked at those sites and nearby sites (mean=29%) suggesting that Chinook Salmon began staging in this 
period. The proportion of fish stocked at distant sites declined from 58% in August to 32% in September, 
suggesting that mature Chinook Salmon were moving towards their stocking sites. Chinook Salmon in Lake 
Ontario will run into larger tailwater tributaries with higher flows (e.g., Niagara, Genesee, Oswego, and 
Salmon rivers) in mid to late September (Prindle and Bishop 2020), and lake anglers will change their 
fishing tactics to concentrate on these staging fish, which may have influenced our results. Chinook Salmon 
usually do not enter warmer, lower-flow tributaries such as Eighteen Mile Creek, Oak Orchard, Sandy 
Creek, and tributaries to Sodus and Fairhaven Bays until mid-October (Prindle and Bishop 2020), so even 
in September, much of the Chinook Salmon harvest in the lake near these tributaries did not originate from 
those specific sites.  
In contrast to the lake fishery, most Chinook Salmon caught by anglers in tributaries in October 
were stocked at those sites. Of eight tributary sites sampled in October, 67% of the Chinook Salmon on 
average were stocked at those tributaries, indicating imprinting of both pen and direct-stocked Chinook 
Salmon. Most Chinook Salmon strays in study tributaries were stocked at nearby sites (M=20%, SD=10%).  
At least a dozen streams not previously stocked in New York also contained strays from nearby tributaries. 
Strays apparently underwent incomplete olfactory imprinting at the stocking sites and may have imprinted 
to nearby tributaries instead. Chinook Salmon parr in the Great Lakes often migrate from tributaries as 
small as 40 mm TL (Everitt 2006; Principe et al. 2007; Johnson et al. 2007; Johnson 2008), which is similar 
behavior described for “ocean-type” Chinook Salmon parr in their native Lake Washington from which 
Great Lakes salmon were derived (Tabor and Piaskowski 2001; Sergeant and Beauchamp 2006; Tabor et 
al. 2006; Johnson et al. 2007). As a potential result of shorter smolt residence times, Columbia River 
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populations of “ocean-type” Chinook Salmon had higher straying rates (15%) compared to “stream-type” 
Chinook Salmon (Westley et al. (2013).  Salmonines with short residence times more frequently experience 
incomplete imprinting (Keefer and Caudal 2014), and pre-smolt movements away from natal sites can lead 
to higher local scale straying by wild Chinook Salmon adults (Hamann and Kennedy 2012).  It is also 
possible that some strays captured in streams were undergoing exploration, testing habitats, or searching 
for natal sites prior to completing homing (Keefer et al. 2008; Naughton et al. 2009).  Study streams are all 
relatively short (M~10 km), and 5 out of 8 terminate at dams where intense fisheries occur, so it is possible 
that strays stocked at nearby tributaries were harvested prior to completing homing. 
Several of these streams may have similar water chemistry because of their geological proximity 
and because they are used periodically as spillways (e.g., Oak Orchard, Sandy Creek, Johnson Creek, and 
Eighteen Mile Creek) by the Erie Canal. Streams with similar physiochemical properties, especially small 
ones adjacent to main tributaries, can attract strays from natal sites that have more favorable habitat (Cram 
2012). In addition, low flow and warm temperatures impacted some sites and prevented salmon migration 
until late in the fall, which may have induced maturing fish to look elsewhere nearby for suitable habitat. 
For example, Sodus tributaries had a higher proportion of strays from nearby Fairhaven compared to other 
sites and Sodus tributaries are especially impacted by low flow.   Acclimation pens located in areas with 
marginal habitat were also found to have higher straying rates in the Yakima River, WA (Dittman et al. 
2010).   
The Oswego River received a larger proportion of strays from distant sites compared with other 
study streams.  The Oswego River is the closest stream (~28 km) to the Salmon River (location of the 
rearing facility) relative to other study sites and may have attracted proportionally more strays that were 
undergoing exploration and had not yet completed homing to the hatchery.  Chinook Salmon that imprinted 
to the Salmon River Hatchery may have strayed into the Oswego River instead as they moved eastward. A 
sample from the Little Salmon River (a stream closer to the Salmon River that is not stocked, Figure 1) also 
contained strays from several stocking sites in 2013 (Connerton et al. 2014).  
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Similar to our results, several previous studies have reported a decline in strays with increasing 
distance from the stocking site with most strays originating from 10-50 km away (Quinn and Fresh 1984; 
Unwin and Quinn 1993; Hard and Heard 1999; Candy and Beacham 2000; Correa and Gross 2008; 
reviewed by Keefer and Caudill 2012). From a fisheries management perspective in Lake Ontario, 
incomplete imprinting and local straying of hatchery Chinook Salmon may be acceptable to managers since 
these fish are still contributing to local fisheries and meeting fisheries objectives. Chinook Salmon in Lake 
Ontario are a non-native, naturalized species; therefore, straying of hatchery fish to other watersheds may 
be less concerning compared with native Pacific ranges where the ecological and genetic effects of hatchery 
origin Chinook Salmon on wild populations are a concern (Grant 1997). Whether fifteen generations have 
been enough to develop locally adapted Chinook Salmon populations in Lake Ontario is unknown; however 
genetic divergence occurred in less than 10 generations in Lake Huron Chinook Salmon (Suk et al. 2012). 
Chinook Salmon introduced to New Zealand displayed divergence in less than 30 generations, including 
traits such as freshwater growth rates and earlier dates of return that directly influenced survival and 
reproductive output (Quinn et al. 2001). Chinook Salmon are naturalized in Lake Ontario and wild fish now 
represent at least half of the adult salmon in Lake Ontario (Connerton et al. 2009), including some Canadian 
tributaries containing greater than 90% wild spawning fish (Connerton et al. 2015).  More research is needed 
to determine whether hatchery or wild Chinook Salmon populations are diverging in Lake Ontario and to 
evaluate the management or genetic implications of incomplete imprinting or straying.   
 
Relative Survival of Pen vs Direct-Stocked Chinook Salmon  
Results of this study suggest that holding hatchery Chinook Salmon in acclimation pens for three 
weeks prior to release increased smolt to adult survival at most sites. Recovery of adult Chinook Salmon 
from three year-classes indicated that pen stocking provided an average of 1.8, 2.3, and 2.4 greater relative 
contribution per number stocked, respectively, to the lake fishery than direct-stocking methods. Lake 
recoveries of pen-acclimated Chinook Salmon were significantly higher than stocking ratios in 18 out of 
23 cases tested. Pen-stocking allowed fish to achieve larger sizes than direct stocking at release, likely 
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contributing to higher survival. Most previous research suggests that holding fall Chinook Salmon longer 
or releasing juveniles at a larger size increases post release survival (reviewed by Poirier and Olsen 2017).  
A larger size at release may benefit juvenile Chinook Salmon by reducing vulnerability to predation, 
increasing the speed of emigration, and improving foraging ability (Bugert et al. 1997; Connor et al. 2004).  
There may be tradeoffs, however, because increased straying to the central rearing facility may occur when 
larger smolts are transplanted to stocking sites after imprinting occurs (Keefer and Caudill 2014). Chinook 
Salmon in this study were evidently stocked into pens early enough and small enough to permit imprinting 
to the stocking sites and held in pens until they reached a larger size at release, which improved survival.   
 
Relative Imprinting of Pen-acclimated and Direct-stocked Salmon 
There was some evidence in this study to support the hypothesis that pen-acclimation also improves 
imprinting. Results from the three year-classes indicated that pen stocking provided better returns to 
tributaries where stocked (imprinting) than direct stocking in 9 of 23 cases evaluated after accounting for 
differential lake survival. At other sites, imprinting (SAR) ratios were marginally greater than 1, and thus 
not significantly different. Some site ratios were significantly less than 1, suggesting poorer imprinting that 
resulted in year-class average return ratios of 1.1, 1.1 and 1.4, respectively. One site, Fairhaven, consistently 
resulted in significantly poorer imprinting, The Fairhaven site is unusual because pens are held at a marina 
in Little Sodus Bay and are not associated with any tributary, whereas direct-stocked fish are placed into 
Sterling Creek, a tributary to the bay, resulting in potential imprinting there. Although recoveries focused 
on Sterling Creek and nearby Wolcott and Ninemile creeks, most fish recovered in these streams were 
direct-stocked fish from Fairhaven. Efforts were also made to locate staging fish near the pen stocking site 
in the marina and none were found, despite anecdotal reports that Chinook Salmon were sometimes there.  
SAR ratios indicated either worse imprinting by pen fish (at Fairhaven) or non-significant differences 
between pen and direct stocking (at Sodus) for all 3 YCs evaluated. These results were not entirely 
surprising, given that neither acclimation pen was located directly in a tributary and pens are towed to the 
channel of each bay and fish are released into the lake, emphasizing the importance of pen placement. 
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Managers might consider moving sites with poor imprinting performance to tributaries. Both pen sites do, 
however, provided a survival advantage for Chinook Salmon to the lake, which may be adequate for these 
sites given the lack of substantial tributary fisheries (Prindle and Bishop 2017).   
Size and photoperiod are two factors important for parr-smolt transformation when imprinting 
occurs. “Ocean-type” Chinook Salmon such as those stocked into Lake Ontario (i.e., emigrate after a few 
months in streams), typically undergo smolt transformation at sizes between 70-85 mm TL based on gill 
Na⁺/K⁺-ATPase (sodium potassium adenosine triphosphate) levels, or sodium plasma levels (Ewing 1979; 
Negus 2003; Sharron 2015). The release date of hatchery salmonines also influences parr-smolt 
transformation (McCormick et al. 2001; Sharron 2015). Fish released too early stray more because they 
have not had time to imprint, or because their physiology is not synchronized with migration (Grant 1997). 
On the other hand, fish released after the smolt stage may stray more frequently than earlier releases (Unwin 
and Quinn 1993; Pascual et al. 1995), so it is important to optimize size and stocking timing.  Direct-stocked 
Chinook Salmon in our study were released into the lake three weeks after pen-acclimated salmon were 
placed into pens, and they were larger (M=77 mm TL, 4.3 g) compared to pen fish when first placed into 
pens, but smaller compared to pen fish at release (M=86 mm TL, 6.1 g). Imprinting and incomplete 
imprinting apparently occurred for both stocking methods, resulting in variable returns to stocking sites or 
straying to nearby tributaries. Although penning fish led to higher apparent imprinting to tributaries in some 
cases, there were few significant differences in straying by pen and direct-stocked fish to other tributaries 
(Chapter 5 this Dissertation, Connerton et al. 2018). Direct-stocked Chinook Salmon, however, did stray 
significantly more to the Salmon River hatchery in 14 of 23 cases evaluated (Connerton et al. 2018), 
suggesting that stocking these fish later and at larger sizes led to interrupted imprinting for a higher 
proportion of direct-stocked fish. If fisheries and hatchery managers aim to maximize imprinting to stocking 
sites, then returns of those fish to the hatchery may be viewed as undesirable straying.  Overall, estimated 
straying rates to the Salmon River hatchery by Chinook Salmon stocked at 12 sites by New York were low, 
averaging 12% for three year-classes studied from 2008-2010 (Connerton et al. 2015); therefore, we 
conclude that current stocking strategies, including pen-acclimation, are meeting management objectives. 
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For this study we assumed that the age at maturity of pen-acclimated and direct-stocked salmon 
were equal; however, previous studies have suggested a positive association between size at stocking and 
age at maturity for Chinook Salmon (Vollestad 2004). Pen-acclimated smolts averaged about 7 mm larger 
than direct-stocked smolts at release. While we do not have data on the maturity status of pen or direct-
stocked fish in this study, we did observe differences in the lake recovery rate ratios at age 2 and 3 
(Appendix Tables 3.1-3.3) that may be partly due to maturity differences between the treatments. For 
example, if pen-acclimated fish have a higher probability of maturing at age 2 vs age 3, we would expect a 
corresponding decline in the lake recovery rate ratios between ages. Alternatively, decreases in lake Rp/Rd 
recovery ratios between ages may be associated with harvest mortality if age 2 pen salmon are selected by 
anglers for harvest more than direct-stocked salmon. More research is needed to understand the potential 
differences in size or age at maturity of pen and direct-stocked salmon.  
Acclimation studies of fall spawning, sub-yearling “ocean-type” Chinook Salmon are relatively 
few (e.g., Savitz et al. 1993; Bishop et al. 2006; Johnson et al. 2007; Rosenberger 2013; Clarke et al. 2016). 
Most Chinook Salmon acclimation studies have tested fish released as yearlings and generally corroborate 
stocking size as a positive factor in survival and the importance of matching release timing with parr-smolt 
developmental stage (reviewed by Poirier and Olsen 2017).  Rosenberger et al. (2013) compared smolt 
downstream passage rates of acclimated and direct-stocked sub-yearlings. Acclimated salmon were 
released at larger mean sizes (75 mm TL) than direct-stocked salmon and results showed higher passage 
rates by acclimated Chinook Salmon; adult returns were not part of the study. Clarke et al. (2016) compared 
smolt to adult survival and straying of sub-yearling Chinook Salmon released from acclimation ponds with 
direct-stocked salmon and found no effect on adult returns to the Umatilla River or straying outside the 
watershed. The salmon were released at similar sizes (~9.5 g, 100 mm) by design and acclimation ponds 
were located upstream of the rearing hatchery, which was supplied by well water. Well water may not have 
the unique organic and inorganic composition of a watershed to induce precise imprinting (Keefer and 
Caudill 2014; Dittman et al. 2010). Straying to locations upstream of the hatchery was reported to be high 
(Clarke et al 2016).   Release size in the latter study was significantly larger compared with our study and 
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salmon were released several weeks later so imprinting may have already occurred in the hatchery in that 
study based on available parr-smolt-transformation research (Negus 2003; Sharron 2015).  The most recent 
and comprehensive study of sub-yearling pen-acclimated Chinook Salmon in the Central Valley of 
California found that pen-acclimated and trucked salmon generally survived better but strayed significantly 
more than in-basin releases near hatcheries; however, this depended on time of release (Palmer-Zwalhlen 
and Kormos 2015; Sturrock et al. 2019). Fall-run Chinook Salmon released as subyearlings in October 
strayed more than fall-run fingerlings released in May-June. Hatcheries not located within mitigation 
watersheds also had higher stray rates. Stray proportions for in-basin releases where hatcheries were located 
were much lower, ranging from 5% to 13% (Palmer-Zwalhlen and Kormos 2015).  
In Lake Michigan, a study by Savitz et al (1993) was limited by sample size and concluded there 
was not enough evidence to show an effect of pen-acclimation despite 2.3 times higher recoveries compared 
to direct-stocked fish in one year-class followed for three years.  In Lake Huron, recoveries of pen-
acclimated fall Chinook Salmon averaged 2.5 times higher in the lake recreational fishery and 6 times 
higher at the AuSable River indicating a survival and imprinting advantage for three year-classes studied 
(Johnson et al. 2007). The imprinting advantage declined and was not significant for one year-class when 
stocked sub-yearlings of both treatments averaged less than 80 mm TL.  In year-classes showing 
significantly higher imprinting by pen fish, Chinook Salmon sub-yearlings averaged 85-90 mm at release. 
Direct-stocked fish strayed more, suggesting that pen-acclimated fish had additional opportunities for 
imprinting to a site compared with direct-stocked fish that may have already imprinted to the hatchery in 
that year-class. Johnson et al. (2007) found that pen-acclimated Chinook Salmon exhibited rapid movement 
out of predator rich nearshore zones compared to direct-stocked Chinook Salmon despite similar release 
sizes and suggested that this may be the single most important factor contributing to the higher survival for 
pen-acclimated fish.  In Lake Ontario, Bishop et al. (2006) found higher relative recoveries of pen fish at 
Oak Orchard, which was consistent with our results. We also found an imprinting advantage at that site. In 
contrast, they did not find a significant effect of pen-acclimation at Niagara, whereas we found pen fish at 
Niagara exhibited significantly better recoveries in the lake and at the site for the 2011 and 2013 cohorts, 
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suggesting that pen-acclimation can be beneficial at that site. Bishop et al. (2006) sampled salmon at 
tributaries only and not from the lake fishery. Since returns to the tributaries by pen or direct-stocked salmon 
could result from differences in survival, imprinting, or a combination of the two, results of the current 
study emphasize the importance of sampling in the lake to understand the survival and imprinting 
differences between stocking methods. Based on our results and previous studies, we conclude that pen-
acclimation of transplanted, sub-yearling fall Chinook Salmon can improve survival while enhancing 
imprinting if parr are placed into the pens at the appropriate time, size, and place (i.e., in a fluvial setting). 
When salmon are moved to pens at the appropriate time, pen-acclimation provides fisheries managers the 
ability to achieve the survival benefits of stocking fingerlings at a larger size, while still achieving desirable 
imprinting to stocking sites. 
 
Management Implications 
Higher survival of pen stocked fish has important implications for fisheries managers who must 
attempt to balance predator stocking with preyfish abundance. Lake Ontario managers reduced Chinook 
Salmon stocking levels by 50% in 1993 due to concerns about the sustainability of Alewife populations to 
support predation by stocked salmoninies (Connerton et al. 2009, Stewart et al. 2013). Pen stocking was 
first implemented in 1998 (Sanderson et al. 2016) and increased to 30% of all Chinook Salmon stocked by 
Ontario and New York in Lake Ontario by 2016 (Connerton 2019; OMNRF 2019). Given the higher relative 
survival of pen stocked fish evident in this study, managers effectively increased stocking levels throughout 
this period as a result of allocating a proportion of fish to pens.  Interestingly, angler catch rates of Chinook 
nearly doubled in 2003 and have remained higher to date (Lantry and Eckert 2018). More recently, concerns 
over predator-prey imbalance (Weidel et al. 2019) prompted a 20% stocking reduction in 2017 and 2018, 
followed by greater reductions in 2019 and 2020. Consideration by managers of the relative survival of pen 
and direct-stocked fish played a large role in these stocking reductions. Fisheries and hatchery managers 
usually aim to maximize survival of stocked fish given the cost associated with fish culture. When new 
stocking strategies are implemented, however, it is important to evaluate the outcomes of these changes 
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when setting stocking policies and fish community objectives. Results of this study suggest that one strategy 
for optimizing survival of stocked salmon and reducing culture costs could be allocating all fish to pens. 
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TABLE 1. Approximate numbers of AD-clipped and coded-wire-tagged Chinook Salmon stocked into pens 
or directly from the hatchery each year 2010-2011, and in 2013 for evaluating pen-acclimated vs. direct-
stocking methods (AD=adipose fin clip; CWT=coded wire tagged). Sites marked with an asterisk were 
stocked in New York but were not part of the study. Note: Actual release numbers varied slightly and are 
provided in Appendix Tables 4-6. 
 
  
  Pen-acclimated  Direct-stocked 
Site AD-CWT AD Pen total # Pens Fish/Pen  AD-CWT AD Direct total Total 
Black River*  0 0 0 0 0  0 159,000 159,000 159,000 
South Sandy* 0 0 0 0 0  0 100,000 100,000 100,000 
Salmon River*  0 0 0 0 0  0 352,000 352,000 352,000 
Oswego River  37,500 4,390 41,890 2 20,945  37,500 60,310 97,810 139,700 
Fairhaven 25,000 0 25,000 1 25,000  25,000 62,200 87,200 112,200 
Sodus Bay  37,500 12,500 50,000 2 25,000  37,500 22,500 60,000 110,000 
Genesee River 75,000 10,250 85,250 4 21,313  75,000 10,250 85,250 170,500 
Sandy Creek a 37,500 17,500 55,000 2 27,500  37,500 17,500 55,000 110,000 
Oak Orchard  75,000 31,653 106,653 5 21,313  63,937 0 63,937 170,590 
Eighteen Mile 67,100 0 67,100 3 22,367  67,100 0 67,100 134,200 
Niagara River 75,000 0 75,000 1 75,000 
b
  75,000 53,500 128,500 203,500 
Total 429,600 76,293 505,893 19   418,537 837,260 1,255,797 1,761,690 
a   Sandy Creek pen site was too warm, so pen- and direct-stocked fish were not marked or tagged at this site in 
2013. 
b




TABLE 2. Numbers (1000s) of mass marked Chinook Salmon stocked by Ontario and New York in Lake 
Ontario from 2010-2013. (AD=adipose clip, AD-CWT=adipose clip+tag). No marking was done in 2012. 
Sandy Creek Pen/Direct site was not marked in 2013.  
 
 
Stocking Mark 2010 2011 2013 
New York     
Salmon R. AD-CWT 339 - - 
 AD - 356 - 
 No Mark - - 360 
Pen Sites AD-CWT 431 433 394 
 AD 76 75 58 
 No Mark - - 55 
Direct Sites AD-CWT 420 418 386 
 AD 264 487 - 
 No Mark - - 519 
Ontario     
Credit R. AD-CWT 21 21 - 
 AD 65 78 - 
 No Mark   100 
Other Sites AD 381 380 - 
 AD-CWT 202 104 - 
 No Mark - - 607 




TABLE 3. Analysis of deviance for main effects and interactions in a generalized linear model of percent 
composition of harvest at ports grouped by proximity. 
Response: Percent Composition  Df        F      Pr(>F)     
Month                     4  14.6854   7.453e-08  
Proximity                 2  70.9446   6.360e-15  
Port                7  2.8042     0.01593    
Month: Proximity          6  12.0776   3.652e-08 
Proximity: Port     14 2.3085     0.01646   





TABLE 4. Analysis of deviance of main effects and interactions in a general linear model of recovery rate 
of tagged pen- and direct-stocked Chinook Salmon from April-August in Lake Ontario for three cohorts 
(2010, 2011, 2013).  
 
Analysis of Deviance Table (Type II tests) 
Response: Recovery rate               LR Chisq  Df Pr(>Chisq)     
Year class                                        14.19   2  0.0008  
Location                                     61.16   7  <0.0001 
Treatment                                       283.29   1  <0.0001 
Age                                              709.33   2  <0.0001  
Year class: Location                       84.81   13 <0.0001 
Year class: Treatment                           15.11   2   0.0005  
Location: Treatment                       36.90   7  <0.0001 
Year class: Age                                    87.26   4  <0.0001 
Location: Age                                28.11   14   0.0138  





TABLE 5. Analysis of deviance of main effects and interactions in a general linear model of SAR rates of 
tagged pen and direct-stocked Chinook Salmon in Lake Ontario tributaries.  
Response: SAR rates                LR Chi sq  Df  Pr(>Chisq)     
Year Class                         35.5  2  < 0.0001 
Location                      875.1  7  < 0.0001 
Treatment                         15.5   1  < 0.0001 
Age                          623.4  2  < 0.0001 
Year class: Location                94.7   13  < 0.0001 
Year class: Treatment               36.6   2  < 0.0001  
Location: Treatment         178.4  7  < 0.0001 
Year Class: Age             86.8   4  < 0.0001 
Location: Age            172.4  14  < 0.0001 
Treatment Age     4.5  2       0.0949     
Year class: Location: Treatment         42.0   13 < 0.0001  
Year class: Location: Age                168.5  26  < 0.0001   




FIGURE 1. Map of Lake Ontario showing sites (black circles) where Chinook Salmon were raised in 
pens including: 1) Niagara River, 2) Eighteenmile Creek, 3) Oak Orchard Creek, 4) Sandy Creek, 5) 
Genesee River, 6) Sodus Bay, 7) Fairhaven, 8) Oswego River.  The Salmon River Hatchery (9), where the 





FIGURE 2. Stocking origin of coded-wire-tagged Chinook Salmon harvested at eight ports along Lake 
Ontario in each month from June-September, 2011-2017 (2010, 2011, and 2013 year-classes, all years 
combined). Fish harvested at each port were classified as those stocked at the site, those stocked nearby 
(within 30 km, and those stocked at distant sites (>30 km away). Mean percent composition (filled 
circles) ± 95% confidence limits (error bars) of the harvest in each category at all eight ports per month 
were calculated to determine the harvest composition, degree of mixing in the lake, and the timing of 




FIGURE 3. Stocking origin of coded-wire-tagged Chinook Salmon harvested at eight Lake Ontario 
tributaries during fall spawning runs, September-November, 2011-2017 (2010, 2011, and 2013 year-
classes, all years combined). Chinook Salmon harvested at each tributary were classified as those stocked 





FIGURE 4. Mean recovery rates (R) of tagged Chinook Salmon stocked into Lake Ontario by pen and 
direct stocking treatments at eight sites in 2010, 2011, and 2013. Tags were collected from angler 
harvested Chinook Salmon during April-August of each year 2011-2017. For sites marked with an 
asterisk, mean recovery rate ratios (RP/RD) of pen-acclimated and direct-stocked fish were significantly 
different from the expected ratio, and the null hypothesis (RP/RD=1) was rejected at α=0.05 indicating 





FIGURE 5. Smolt to adult return rate (SAR) ratios of pen and direct-stocked Chinook Salmon to eight 
tributary stocking sites in New York for three cohorts (2010, 2011, 2013). For sites marked with an 
asterisk, SAR ratios of pen-acclimated and direct-stocked fish to tributaries were significantly different 
than expected, and the null hypothesis (SARP/SARd =1) was rejected at α=0.05, suggesting significant 
differences in relative imprintin
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APPENDIX TABLE 3.1. Recoveries of pen-acclimated and direct-stocked Chinook Salmon from the Lake Ontario harvest in May-August, 2011-
2014 (2010 year-class). To evaluate the relative survival probability of treatments, lake recovery rates (R), recovery rate ratios (RP/RD), and 
standard errors (SE) of treatments were estimated using a generalized linear model. For sites and ages with P-values<0.05, recovery rate ratios of 
pen-acclimated and direct-stocked fish were significantly different from expected ratio, and the null hypothesis (RP/RD=1) was rejected at α=0.05. 
 Release  Lake Recoveries at Age  Recovery rate (1000-1 tagged. year -1) [SE]  Recovery rate ratio [SE] Weighted 
Site Method Date Length (mm) Tagged a  1 2 3 4 Total  Age 1 Age 2 Age 3  Age 1 Age 2 Age 3 Mean [SE] 
Niagara Pen 5/17/10 79 88 73,834  11 35 21 1 68  0.15 [0.04] 0.47 [0.08] 0.28 [0.06]  1.2 [0.55] 1.3 [0.35] 1.1 [0.3] 1.2 [0.18] 
 Direct 5/20/10  80 73,817  9 26 19 0 54  0.12 [0.04] 0.35 [0.07] 0.26 [0.06]  P= 0.6556 P= 0.2513 P= 0.7525 P= 0.1199 
Eighteen Mile Pen 5/5/10 69 86 65,780  11 55 11 0 77  0.17 [0.05] 0.84 [0.11] 0.17 [0.05]  3.6 [2.35] 2.2 [0.52] 1.4 [0.63] 2.1 [0.20] 
 Direct 5/5/10  80 64,743  3 25 8 1 37  0.05 [0.03] 0.39 [0.08] 0.12 [0.04]  P= 0.0488 P= 0.0014 P= 0.5149 P=0.0001 
Oak Orchard Pen 5/11/10 73 88 75,449  11 37 13 0 61  0.15 [0.04] 0.49 [0.08] 0.17 [0.05]  1.8 [0.96] 2.3 [0.74] 1.1 [0.44] 1.7 [0.23] 
 Direct 5/12/10  80 61,152  5 13 10 0 28  0.08 [0.04] 0.21 [0.06] 0.16 [0.05]  P= 0.2836 P= 0.0095 P= 0.9011 P=0.0085 
Sandy Creek Pen 5/6/10 69 83 36,877  7 26 9 0 42  0.19 [0.07] 0.71 [0.14] 0.24 [0.08]  1.4 [0.82] 1.2 [0.34] 0.7 [0.3] 1.1 [0.22] 
 Direct 5/1/10  79 37,097  5 22 13 0 40  0.13 [0.06] 0.59 [0.13] 0.35 [0.1]  P= 0.5587 P= 0.5504 P= 0.4041 P=0.4008 
Genesee River Pen 5/12/10 69 86 75,300  17 59 20 0 96  0.23 [0.05] 0.78 [0.1] 0.27 [0.06]  2.3 [1.04] 1.8 [0.4] 0.8 [0.25] 1.5 [0.16] 
 Direct 5/13/10  78 71,463  7 31 23 0 61  0.1 [0.04] 0.43 [0.08] 0.32 [0.07]  P= 0.063 P= 0.0077 P= 0.5299 P=0.0093 
Sodus Bay Pen 5/5/10 69 85 37,800  17 41 14 0 72  0.45 [0.11] 1.08 [0.17] 0.37 [0.1]  4.2 [2.33] 3.1 [0.99] 0.9 [0.34] 2.1 [0.22] 
 Direct 5/12/10  80 37,294  4 13 15 1 33  0.11 [0.05] 0.35 [0.1] 0.4 [0.1]  P= 0.0099 P= 0.0004 P= 0.8244 P= 0.0004 
Fairhaven Pen 5/7/10 69 92 24,200  3 20 9 0 32  0.12 [0.07] 0.83 [0.18] 0.37 [0.12]  3.1 [3.56] 4.1 [2.06] 2.3 [1.39] 3.2 [0.36] 
 Direct 5/14/10  79 24,895  1b 5 4 0 9  0.04 [0.04] 0.2 [0.09] 0.16 [0.08]  P= 0.3291 P= 0.0047 P= 0.1625 P=0.0006 
Oswego Pen 5/14/10 69 86 37,900  7 28 11 1 47  0.18 [0.07] 0.74 [0.14] 0.29 [0.09]  1.2 [0.64] 1.5 [0.47] 1.4 [0.63] 1.4 [0.23] 
  Direct 5/8/10  80 37,650  6 18 8 0 32  0.16 [0.07] 0.48 [0.11] 0.21 [0.08]  P= 0.7909 P= 0.1497 P= 0.5022 P=0.0615 
               Mean Recovery Ratio (Pen: Direct) = 1.8 [0.24] 
a Tagged=nominal value (i.e.., number tagged x estimated tag retention rate). For details on 2010 stocking targets, estimated tag retention rates, SE, see Appendix Table 4. 
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APPENDIX TABLE 3.2. Recoveries of pen-acclimated and direct-stocked Chinook Salmon from the Lake Ontario harvest in May-August, 2012-2015 
(2011 year-class). To evaluate the relative survival probability for treatments, lake recovery rates (R), recovery rate ratios (RP/RD), and standard errors (SE) 
of treatments were estimated using a generalized linear model. For sites and ages with P-values<0.05, recovery rate ratios of pen-acclimated and direct-
stocked treatments were significantly different from expected ratio, and the null hypothesis (RP/RD=1) was rejected at α=0.05. 
 Release  Lake Recoveries at Age  Recovery rate (1000-1 tagged. year -1) [SE]  Recovery rate ratio [SE] Weighted 
Site Method Date Length (mm) Tagged 
a 
 1 2 3 4 Total  Age 1 Age 2 Age 3  Age 1 Age 2 Age 3 
Mean [SE] 
Niagara Pen 5/20/11 79 87 72,998  4 22 33 0 59  0.05 [0.03] 0.30 [0.06] 0.45 [0.08]  2.0 [1.77] 2.5 [0.99] 3.4 [1.22] 2.9 [0.25] 
 Direct 5/20/11  78 74,653  2 9 10 0 21  0.03 [0.02] 0.12 [0.04] 0.13 [0.04]  P= 0.4087 P= 0.0206 P= 0.0008 P<0.0001 
Eighteen Mile Pen 5/10/11 71 86 66,208  14 57 40 0 111  0.21 [0.06] 0.86 [0.11] 0.60 [0.1]  3.4 [1.94] 2.7 [0.68] 2.3 [0.67] 2.6 [0.18] 
 Direct 5/9/11  80 64,680  4 21 17 0 42  0.06 [0.03] 0.32 [0.07] 0.26 [0.06]  P= 0.0301 P= 0.0001 P= 0.004 P<0.0001 
Oak Orchard Pen 5/11/11 71 87 71,940  19 66 56 0 141  0.26 [0.06] 0.92 [0.11] 0.78 [0.1]  1.7 [0.65] 3.9 [1.11] 2.1 [0.5] 2.5 [0.17] 
 Direct 5/11/11  79 63,280  10 15 24 2 51  0.16 [0.05] 0.24 [0.06] 0.38 [0.08]  P= 0.1886 P<0.0001 P= 0.0032 P<0.0001 
Sandy Creek Pen 5/10/11 71 84 37,898  13 34 25 1 73  0.34 [0.10] 0.9 [0.15] 0.66 [0.13]  4.2 [2.72] 3.7 [1.39] 2.4 [0.92] 3.2 [0.25] 
 Direct 5/9/11  78 37,108  3 9 10 0 22  0.08 [0.05] 0.24 [0.08] 0.27 [0.09]  P= 0.024 P= 0.0005 P= 0.0167 P<0.0001 
Genesee River Pen 5/14/11 73 90 73,918  11 49 41 1 102  0.15 [0.04] 0.66 [0.09] 0.55 [0.09]  1.6 [0.76] 2.2 [0.57] 1.5 [0.37] 1.8 [0.16] 
 Direct 5/11/11  79 73,530  7 22 27 0 56  0.10 [0.04] 0.03 [0.06] 0.37 [0.07]  P= 0.3555 P= 0.0019 P= 0.0961 P=0.0003 
Sodus Bay Pen 5/12/11 73 90 35,872  7 24 34 0 65  0.20 [0.07] 0.67 [0.14] 0.95 [0.16]  7.4 [7.95] 2.3 [0.84] 3.0 [1.01] 2.8 [0.24] 
 Direct 5/16/11  77 38,120  1 11 12 0 24  0.03 [0.03] 0.29 [0.09] 0.31 [0.09]  P= 0.0605 P= 0.0209 P= 0.001 P<0.0001 
Fairhaven Pen 5/10/11 72 86 23,989  2 9 15 0 26  0.08 [0.06] 0.38 [0.13] 0.63 [0.16]  2.1 [2.56] 2.3 [1.41] 2.0 [0.86] 2.1 [0.34] 
 Direct 5/7/11  76 25,040  1 b 4 8 0 12  0.04 [0.04] 0.16 [0.08] 0.32 [0.11]  P= 0.5479 P= 0.1554 P= 0.1251 P=0.0153 
Oswego Pen 5/17/11 71 * 36,333  3 11 17 0 31  0.08 [0.05] 0.30 [0.09] 0.47 [0.11]  3.0 [3.48] 0.9 [0.38] 1.1 [0.37] 1.1 [0.26] 
  Direct 5/12/11  75 36,541  1 12 16 0 29  0.03 [0.03] 0.33 [0.09] 0.44 [0.11]  P= 0.3389 P= 0.8456 P= 0.849 P=0.4065 
                Mean Recovery Ratio (Pen: Direct) = 2.3 [0.24] 
a Tagged=nominal value (i.e.., number tagged x estimated tag retention rate). For details on 2011 stocking targets, estimated tag retention rates, SE, and confidence limits, see Appendix Table 5. 
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APPENDIX TABLE 3.3.  Recoveries of pen-acclimated and direct-stocked Chinook Salmon from the Lake Ontario harvest in May-August, 2014-2017 
(2013 year-class). To evaluate the relative survival of treatments, lake recovery rates (R), recovery rate ratios (RP/RD), and standard errors (SE) of 
treatments were estimated using a generalized linear model. For sites and ages with P-values<0.05, recovery rate ratios of pen-acclimated and direct-
stocked treatments were significantly different from the expected ratio, and the null hypothesis (RP/RD=1) was rejected at α=0.05. 
 Release   Lake recoveries at age  Recovery rate (1000-1 tagged. year -1) [SE]  Recovery rate ratio [SE] Weighted 
Site Method Date Length (mm) Taggeda  1 2 3 4 Total  Age 1 Age 2 Age 3  Age 1 Age 2 Age 3 Mean [SE] 
Niagara Pen 6/3/13 70 89 75,554  2 43 41 0 86  0.03 [0.02] 0.57 [0.09] 0.54 [0.08]  1.0 [1.0] 2.5 [0.72]  2.2 [0.6] 2.3 [0.20] 
 Direct 6/4/13  76 75,454  2 17 19 0 38  0.03 [0.02] 0.23 [0.05] 0.25 [0.06]  P= 0.9989 P= 0.0012 P= 0.0057 P<0.0001 
Eighteen Mile Pen 5/15/13 68 83 65,839  13 51 34 0 98  0.20 [0.05] 0.77 [0.11] 0.52 [0.09]  2.2 [1.08] 2.1 [0.53] 1.9 [0.56] 2.1 [0.18] 
 Direct 5/24/13  73 66,584  6 24 18 0 48  0.09 [0.04] 0.36 [0.07] 0.27 [0.06]  P= 0.112 P= 0.002 P= 0.0264 P<0.0001 
Oak Orchard Pen 5/20/13 70 83 75,111  5 76 39 0 120  0.07 [0.03] 1.01 [0.12] 0.52 [0.08]  2.2 [1.8] 3.6 [0.95] 2.8 [0.92] 3.2 [0.20] 
 Direct 5/29/13  77 64,753  2 18 12 0 32  0.03 [0.02] 0.28 [0.07] 0.19 [0.05]  P= 0.3587 P<0.0001 P= 0.0018 P<0.0001 
Genesee River Pen 5/30/13 68 86 74,967  13 63 39 0 115  0.17 [0.05] 0.84 [0.11] 0.52 [0.08]  2.6 [1.36] 3.1 [0.8] 1.7 [0.44] 2.3 [0.17] 
 Direct 5/24/13  75 74,441  5 20 23 0 48  0.07 [0.03] 0.27 [0.06] 0.31 [0.06]  P= 0.0715 P<0.0001 P= 0.0475 P<0.0001 
Sodus Bay Pen 5/24/13 66 81 36,979  5 38 18 0 61  0.14 [0.06] 1.03 [0.17] 0.49 [0.11]  5.1 [5.55] 7.7 [3.66] 2.3 [0.97] 4.0 [0.30] 
 Direct 5/30/13  74 37,483  1 5 8 0 13  0.03 [0.03] 0.13 [0.06] 0.21 [0.08]  P= 0.1385 P<0.0001 P= 0.0523 P<0.0001 
Fairhaven Pen 5/17/13 71 89 25,359  3 31 11 0 45  0.12 [0.07] 1.22 [0.22] 0.43 [0.13]  3.1 [3.52] 1.7 [0.48] 2.2 [1.21] 1.8 [0.25] 
 Direct 5/17/13  73 25,790  1 19 5 0 25  0.04 [0.04] 0.74 [0.17] 0.19 [0.09]  P= 0.334 P= 0.0822 P= 0.1354 P<0.0001 
Oswego Pen 5/5/13 70 *71 37,389  9 38 15 0 62  0.24 [0.08] 1.02 [0.16] 0.40 [0.1]  9.1 [9.6] 0.8 [0.18] 0.8 [0.29] 0.9 [0.18] 
 Direct 5/6/13  70 37,851  1 46 18 0 65  0.03 [0.03] 1.22 [0.18] 0.48 [0.11]  P= 0.0361 P= 0.4148 P= 0.6267 P=0.2839 
                Mean Recovery Ratio (RP/RD) = 2.4 [0.37] 




APPENDIX TABLE 3.4.  Smolt to adult return rates (SAR) of pen and direct-stocked Chinook Salmon to eight tributary stocking sites in New York from 
2011-2014 (2010 year-class). To evaluate relative imprinting to stocking sites, numbers of Chinook Salmon returning to tributaries were compared after 
accounting for numbers tagged and relative lake survival (Rpya, Rdya) for each treatment, cohort, and age.  For sites with P-values <0.05, SAR ratios of pen-
acclimated and direct-stocked fish to tributaries were significantly different than expected and the null hypothesis (SARP/SARd =1) was rejected at α=0.05. 
Site Method  Tag quality control results  Returns at age  SAR (fish.1000 tagged -1year-1 [SE]  SARP/SARD ratio [SE] Weighted 
mean ratio 
[SE]  QC % Tag [SE] Tagged [SE]  1 2 3 4 Total  2011 2012 2013  2011 2012 2013 







 Direct  97 97.4 1.6 73,817 1,182  14 26 48 1 89  1.55 [0.42] 1.00 [0.20] 2.52 [0.36]  P=0.1736 







 Direct  26 90.7 5.2 64,743 3,680  0.5 b 23 58 0 81  0.33 [0.33] 0.92 [0.19] 7.27 [0.95]  P=0.2374 







 Direct  47 94.8 3.1 61,152 1,982  1 b 13 14 3 30  0.20 [0.20] 1.00 [0.28] 1.40 [0.37]  P=0.0113 







 Direct  180 97.5 1.1 37,097 431  0.5 b 11 10 2 23  0.20 [0.20] 0.50 [0.15] 0.77 [0.24]  P=0.0414 







 Direct  105 93.9 2.2 71,463 1,673  0.5 b 9 12 0 21  0.14 [0.14] 0.29 [0.1] 0.52 [0.15]  P=0.0357 







 Direct  48 96.9 2.4 37,294 927  0.5 b 1 11 0 12  0.25 [0.25] 0.08 [0.08] 0.74 [0.22]  P=0.3198 
Fairhaven Pen  36 98.6 1.9 24,200 466  0.5 b 6 5 0 11  0.33 [0.33] 0.3 [0.12] 0.56 [0.25]  0.3 [0.47] 
P=0.4392 





 Direct  180 97.5 1.1 24,895 289  0.5 b 17 43 0 60  1.00 [1.00] 3.41 [0.83] 10.79 [1.65]  P<0.0001 







 Direct  50 99.0 1.4 37,650 525  2 44 42 1 89  0.33 [0.24] 2.44 [0.37] 5.25 [0.81]  P=0.0001 
                 Mean SARp/SARd= 1.1 [0.23] 
QC=sample size for estimating tag retention; % Tag=estimated tag retention; SE=standard error; Tagged=estimated number tagged.   
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APPENDIX TABLE 3.5.  Smolt to adult return rates (SAR) of pen and direct-stocked Chinook Salmon to eight tributary stocking sites in New York from 
2012-2015 (2011 year-class). To evaluate imprinting to stocking sites, numbers of Chinook Salmon returning to tributaries were adjusted by numbers 
tagged and by lake recovery rates (RPA, RPA) for each treatment and age.  For sites with P-values <0.05, SAR ratios of pen-acclimated and direct-stocked 
fish to tributaries were significantly different than expected, and the null hypothesis (SARP/SARD =1) was rejected at α=0.05. 
Site Method  Tag quality control results  Returns at age  SAR (fish.1000 tagged -1year-1 [SE]  SARP/SARD ratio [SE] Weighted 
Mean ratio 
[SE]  QC % 
Tag 
[SE] Tagged [SE]  1 2 3 4 Total  2012 2013 2014  2012 2013 2014 







 Direct  200 98.8 1.5 74,653 585  3 13 41 0 57  1.49 [0.86] 1.44 [0.40] 4.08 [0.64]  P= 0.4234 







 Direct  200 97.8 0.8 64,680 677  2 34 66 2 104  0.50 [0.35] 1.62 [0.28] 3.88 [0.48]  P= 0.0001 







 Direct  200 98.8 0.9 63,280 496  1 b 11 49 0 60  0.10 [0.10] 0.73 [0.22] 2.03 [0.29]  P= 0.0005 







 Direct  100 97.5 1.1 37,108 577  0.5 b 16 29 0 45  0.33 [0.33] 1.78 [0.44] 2.90 [0.54]  P= 0.1218 







 Direct  100 99.5 0.7 73,530 516  1 8 22 0 31  0.14 [0.14] 0.36 [0.13] 0.81 [0.17]  P= 0.0406 







 Direct  100 99.5 1.6 38,120 268  0.5 b 10 3 0 13  1.00 [1.00] 0.91 [0.29] 0.25 [0.14]  P= 0.4232 







 Direct  100 99.5 2.6 25,040 176  1 19 27 0 47  1.00 [1.00] 4.75 [1.09] 3.37 [0.65]  P<0.0001 







 Direct  100 98.5 1.6 36,541 442  1 35 28 0 64  1.00 [1.00] 2.92 [0.49] 1.75 [0.33]  P=0.2258 
                 Mean SARp/SARd= 1.1 [0.2] 
QC=sample size for estimating tag retention; % Tag=estimated tag retention; SE=standard error; Tagged=estimated number tagged.   
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APPENDIX TABLE 3.6.  Smolt to adult return rates (SAR) of pen and direct-stocked Chinook Salmon to eight tributary stocking sites in New York from 
2014-2017 (2013 year-class). To evaluate imprinting to stocking sites, numbers of Chinook Salmon returning to tributaries were adjusted by numbers 
tagged and by lake recovery rates (RPA, RPA) for each treatment and age.  For sites with P-values <0.05, SAR ratios of pen-acclimated and direct-stocked 
fish to tributaries were significantly different than expected, and the null hypothesis (SARP/SARD =1) was rejected at α=0.05. 
Site Method  Tag quality control results  Returns at age  SAR (fish.1000 tagged -1year-1 [SE]  SARP/SARD ratio [SE] Weighted Mean 
ratio [SE] 
 QC % 
Tag 
[SE] Tagged [SE]  1 2 3 4 Total  2014 2015 2016  2014 2015 2016 







 Direct  200 99.8 0.4 75,109 825  2 21 44 0 67  1.00 [0.7] 1.23 [0.27] 2.30 [0.35]  P= 0.0045 







 Direct  210 98.3 0.9 64,979 111  1 23 39 0 63  0.17 [0.17] 0.96 [0.20] 2.17 [0.35]  P<0.0001 







 Direct  100 99.5 0.7 63,524 163  1 8 21 0 29  0.50 [0.5] 0.44 [0.16] 1.75 [0.38]  P<0.0001 







 Direct  200 98.8 0.8 73,109 103  1 18 18 0 36  0.20 [0.20] 0.90 [0.21] 0.78 [0.18]  P= 0.1847 







 Direct  100 98.5 1.2 36,407 221  1 2 10 0 12  1.00 [1.00] 0.4 [0.28] 1.25 [0.4]  P= 0.1691 







 Direct  100 98.5 1.2 25,049 325  2 41 13 0 56  2.00 [1.41] 2.16 [0.34] 2.60 [0.72]  P= 0.0005 







 Direct  100 97.5 1.6 36,503 266  3 46 45 0 94  3.00 [1.73] 1.00 [0.15] 2.50 [0.37]  P= 0.1515 
                 Mean SARp/SARd= 1.4 [0.3] 




APPENDIX SUPPLEMENT 3.1 
 
Calculation of smolt to adult return (SAR) rates and SAR rate ratios (SARp/SARd) in Tributaries 
The expected recoveries in a tributary (r) for treatment (t, pen-acclimated or direct-stocked), 
cohort y, and age a was: 
E(rtay) = Nty * Tty * Stay* Ity* Ptay 
Where: Tty = probability of being AD-CWT for treatment t and cohort y (conditional on being in 
target AD-CWT group)  
Ptay = conditional probability of observation in a tributary (related to sampling effort) for treatment 
t, cohort y, and age a  
Stay= The parameter Stay was estimated based on lake harvest.  In particular,  
E(htay)= Nty * Stay* ftay,. 
Where: ftay=probability of harvest mortality for treatment t, year-class y and age class a. Then the 
expected value of the product of the (1) age-a release to return rate ratio for pen-acclimated group and (2) 
age-a release to return rate ratio for direct-stocked group is: 
E((rpay/Npy) * (rday/Ndy)) ~ (Tpy*Spay*Ipy*fpay)/(Tdy*Sday*Idy*fday). 
The expected value of the product of the (1) age-a harvest recovery rates for the direct-stocked group, and 
(2) age-a harvest recoveries to release for pen-acclimated group is 
E((hday/[Ndy)*(hpay/Npy)) ~ (Tdy*Sday*fday)/(Tpy*Spay*fpay). 
Multiplying these gets:  
E((rpay/rday) * (hday/hpay)) ~ (Ipy/Idy) * (Ppay/Pday) * (fday/fpay). 
Under the assumption that harvest effort (f) and sampling effort (P) are the same between treatments, then 
Ppay=Pday and fpay=fday, and so this product of age-specific ratios has expected value approximately equal 
to the ratio of imprinting probabilities. Notice that this is limited to the age-specific ratios. In the 
manuscript.  Therefore, to estimate ratios for a site and yearclass y, we calculated a weighted average of 




APPENDIX FIGURE 3.A. Stocking origin of Chinook Salmon harvested by lake anglers off Niagara 
River in May and September; harvested by lake anglers off Eighteen Mile Creek in July and September; 
and harvested by tributary anglers in October at both locations from 2011-2017. Each pie chart represents 
the percent composition of all tags recovered (# per tagged) at each site in the months from 2011-2017 




APPENDIX FIGURE 3.B.Stocking origin of Chinook Salmon harvested by lake anglers off Oak Orchard 
and Sandy Creeks during July and September; and harvested by tributary anglers at both locations in 
October from 2011-2017. Each pie chart represents the percent composition of all tags recovered (# per 





APPENDIX FIGURE 3.C.Stocking origin of Chinook Salmon harvested by lake anglers off Genesee 
River in August and September; harvested by lake anglers off Sodus during July and September; and 
harvested by tributary anglers at both locations in October from 2011-2017. Each pie chart represents the 
percent composition of all tags recovered (number per 50,000 tagged) at each site in the months from 





APPENDIX FIGURE 3.D. Stocking origin of Chinook Salmon harvested by lake anglers off Fairhaven 
and Oswego during July and September; and harvested by tributary anglers at both locations in October 
from 2011-2017. Each pie chart represents the percent composition of all tags recovered (# per tagged) at 




CHAPTER 4.  DIFFERENCES IN SIZE AT AGE, AGE AT MATURITY, AND REGIONAL PERCENT 
COMPOSITION OF WILD AND HATCHERY CHINOOK SALMON IN LAKE ONTARIO.  
 
ABSTRACT 
We used mass marking to determine the proportions of wild Chinook Salmon (Oncorynchus 
tshawytscha) among regions in Lake Ontario and in New York’s tributaries, and to compare the size at age 
and age at maturity of wild and hatchery salmon. For the four year-classes studied (2008-2011), percentages 
of wild Chinook Salmon in Lake Ontario varied by year class, age, and among regions from 2009-2015, 
but overall wild Chinook were an important component of the Lake Ontario fishery averaging 46% of the 
age-2-and age-3 lake harvest. The percentages of wild adult Chinook Salmon harvested in New York 
tributaries also varied among regions with percentages of wild salmon averaging 7% (SE=2%) in western 
region tributaries, 18% (SE=4%) in eastern region tributaries, and 58% (SE=6%) in the Salmon River. 
Estimated mean total lengths of wild age-2 Chinook Salmon (2008: M=733 mm, SE= 8.0; 2009: M=767 
mm, SE=3.5) were significantly smaller than hatchery origin salmon (2008: M=785 mm, SE= 7.9; 2009: 
M=816 mm, SE=2.9) in July by 49 mm (SE=12.4), and 52 mm (SE=4.5), respectively. Size differences 
between wild and hatchery salmon at age-2 generally declined in subsequent months, and in October when 
mature age-2 salmon were measured in tributaries, mean lengths of wild and hatchery salmon were not 
significantly different, possibly due to differences in maturity between hatchery and wild salmon. Based on 
results of logistic regression analysis, size (total length) was a significant predictor of maturity, and the 
odds of salmon maturing increased by 6% for every unit (mm) increase in size of age-2 salmon. Hatchery 
or wild origin was also a significant factor in the probability of maturation with age-2 pen-acclimated 
Chinook Salmon maturing at significantly larger sizes than wild salmon. Using the logistic regression 
model, we predicted the length at which the probability of salmon maturing was 50% (LM50). The 
proportions of salmon that exceeded LM50 for each respective origin was 59%, 77%, and 78.5% for wild, 
direct-stocked, and pen-acclimated salmon for the 2010 cohort, and 55%, 72% of direct and 80% of pen 
stocked Chinook Salmon for 2011 cohorts indicating a higher proportion of hatchery salmon maturating at 
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age 2. Results of this study emphasize the importance of increased understanding of natural reproduction 
in Lake Ontario to understand changes in year-class strength, observed variability in angler catch rates, and 
abundance of Chinook Salmon, for more accurately predicting the outcomes of fisheries management 
decisions regarding stocking levels and release protocols.  
 
KEYWORDS: Size at Age, Chinook Salmon, Maturity, Lake Ontario, Naturalized and Hatchery Salmon 
 
INTRODUCTION 
The current Lake Ontario Chinook Salmon (Onchorynchus tshawystcha) stocking program began 
in the late 1960s to reestablish a dominant salmonid offshore predator for controlling overabundant invasive 
Alewife (Alosa pseudoharengus), and for developing and maintaining an intensive salmonid sport fishery 
in Lake Ontario and its tributaries. The Lake’s native salmonid predators, Lake Trout (Salvelinus 
namaycush) and Atlantic Salmon (Salmo salar) were extirpated due to several factors including overfishing 
and predation by sea lamprey, and in the case of Atlantic salmon, populations also suffered from damming 
of tributaries, deforestation, overfishing, and thiamine deficiency (Ketola et al. 2000). Chinook Salmon is 
the now top predator in Lake Ontario and supports a sportfishery in New York State valued at $353 million 
annually in 2017 (Responsive Management 2019).  Each year the New York State Department of 
Environmental Conservation (NYSDEC) and the Ontario Ministry of Natural Resources and Forestry 
(OMNRF) stock millions of Chinook Salmon into Lake Ontario at dozens of sites around the Lake.  An 
unknown number of wild smolts are also produced in tributaries from naturalized spawning (Johnson & 
Ringler 1981; Wildridge 1990; Wisniewski 1990; Ontario Ministry of Natural Resources 2018; Bishop et 
al. 2020). Everitt (2006) conservatively estimated that 5.2 million (±2.1 million) wild Chinook Salmon parr 
were produced in the Salmon River, a tributary to Lake Ontario, a number nearly double the 2.3 million 
Chinook Salmon stocked in Lake Ontario and more than 10-fold greater than the 300,000 smolts stocked 
annually at the mouth of the Salmon River.  Wild production varies considerably among years in the Salmon 
River due to factors such as incubation temperature during winter, condition of spawning fish, changing 
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levels of spawner escapement, and extreme flow events (Bishop et al. 2020). Densities of wild parr also 
vary across Lake Ontario tributaries (Johnson 1980; Bowlby & Roff 1986; Wildridge 1990; Ontario 
Ministry of Natural Resources 2018) but the distribution of wild Chinook Salmon adults has not been 
previously described. It is important for fisheries managers to know the relative contributions of hatchery 
and wild salmon in the Lake to better understand how their stocking decisions can influence Chinook 
Salmon population dynamics and predator/prey balance in Lake Ontario (Murry et al. 2010).   It is also 
important to understand how stocking allocations can influence local fisheries if some are supported more 
by wild salmon than others. Knowledge of the spatial distribution of wild reproduction is also important for 
fisheries managers when setting stocking policies or identifying spawning areas in need of habitat 
remediation or harvest regulations (Post et al. 2002; Lewin et al. 2006; Burnett et al. 2007).  
The proportions of wild age-3 Chinook Salmon in Lake Ontario were previously estimated by 
Connerton et al. (2009) using scale pattern analysis.  Wild Chinook Salmon at age-3 averaged 62% of the 
lake harvest from 1992-2005, and proportions of age-3 wild fish significantly declined over that period, 
being especially low for the 2000 and 2002 year-classes. Four cohorts were also analyzed across ages to 
determine whether the proportions of wild fish changed with age; and results indicated that the percent wild 
significantly increased from age-1 to age-3 for the 1992 and 1996 year-classes, but significantly decreased 
between those ages for the 2002 year-class. Possible reasons for the observed increase in the proportion of 
wild fish may include smaller size at age and therefore lower recruitment to angling gear at younger ages, 
size selective harvest (Kendall & Quinn 2012), differential habitat use, or later age at maturity for wild fish 
(Connerton et al 2009, Murry et al 2010). More specifically, a higher proportion of hatchery fish maturing 
at age-2 and leaving the population would lead to a relatively higher proportion of wild fish at age-3. 
Alternatively, observed declines in wild age-3 Chinook Salmon for the 2002 year-class may be partly the 
result of shifts to earlier age at reproduction of hatchery fish or a change in survival of hatchery fish. For 
example, beginning in 1998, stocking of Chinook Salmon parr in acclimation pens was implemented by 
Lake Ontario fisheries managers, and this has been shown to effectively double the survival compared with 
direct-stocked fish (Chapter 3 this dissertation, Connerton et al. 2017). Chinook Salmon catch rates in the 
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lake fishery almost doubled shortly thereafter and have remained at higher levels ever since (Lantry & 
Eckert 2018). The proportions of age 2 Chinook in the harvest have also significantly increased during this 
period, and conversely proportions of age 3 harvest have decreased (Lantry and Eckert 2018).   
Age at maturity and size at age are key life history traits affecting population demography and 
individual fitness (Stearns 1989; Kinnison et al. 2011). Differences in early growth and body size can 
influence the size and age of reproduction (He & Stewart 2002) such that we might expect larger or fast 
growing fish to reproduce earlier and smaller fish to postpone spawning to a later ages (Heino et al. 2002; 
Morita et al. 2005). Other things being equal, earlier maturity increases the probability of survival to 
reproduction, but larger size, often associated with delayed maturity, leads to greater individual 
reproductive success through increased number or quality of offspring or enhanced competitive ability 
(Kinnison et al. 1998). There is some evidence that size or growth at the juvenile stage influences age at 
maturity such that adult Chinook Salmon maturing at an early age were larger/older smolts (Bilton et al. 
1984; Vøllestad et al. 2004; Tattam et al. 2015). Age at maturity may also result from some genetic control 
(Hankin et al. 1993; Hard 1995).  In Lake Ontario, hatchery Chinook Salmon hatch in late December and 
by April typically grow to 3.5-7.0 g in size (60-120mm) while wild Chinook Salmon at Salmon River are 
about 1.5g (40mm) in size at the same time in early May (Smith 2005; Everitt 2006; Johnson 2007; Bishop 
et al. 2020). Likewise, pen-acclimated Chinook Salmon are released at larger average sizes than direct-
stocked fish in Lake Ontario leading to higher survival (Connerton 2017, OMNRF 2017, Chapters 3 and 5 
this dissertation). In addition, wild fish have protracted emergence and more variable growth histories prior 
to emigration from tributaries relative to more punctuated hatching and less variable growth of hatchery 
fish prior to stocking (Kerns et al. 2016). For instance, Chinook Salmon parr with total lengths less than 
40mm are captured throughout the months of May and June (Bishop et al. 2020).   These size differences 
at the parr-smolt stage may translate to differences in size at age or age at maturity between wild and 
hatchery fish as adults given their different early life history.  Size at age and age at maturity of Chinook 
Salmon from different origins (i.e., pen, direct, wild) has not been previously compared in Lake Ontario. 
Pen-acclimated salmon and  Chinook Salmon smolts released at Salmon River hatchery exhibit higher 
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relative survival than direct-stocked fish partly due to larger size at stocking (Chapter 3 this dissertation); 
however, there may be tradeoffs in terms of total yield to the fishery harvest (Davison & Satterthwaite 
2017) or predator demand if early maturity leads to pen salmon leaving the population at age-1 and age-2 
vs older ages. In Lake Ontario, age-2 and 3 Chinook comprise the majority of harvest with age-4 being 
relatively rare, thus differences in maturity at age-2 between hatchery and wild fish may have the most 
substantial effects on population dynamics and prey demand. 
Maturation reaction norms describe the probability of an immature individual fish maturing at a 
certain age and size and generally the probability increases with size, referred to as a probabilistic 
maturation reaction norm or PMRN (Heino et al. 2002; Barot et al. 2004). Estimating reaction norms is 
important for understanding changes in maturation resulting from differences in growth or early life history 
(e.g., wild and hatchery origin Chinook Salmon) and for parameterizing size- and age-structured population 
models (Heino et al. 2002). Within a modelling framework, they may also be useful for evaluating potential 
life history tradeoffs (Stearns 1989; Morita et al. 2005) of hatchery stocking policies set by fisheries 
managers when considering potential changes to harvest yield (e.g., Davison & Satterthwaite 2017) or 
predator demand (Murry et al. 2010) 
In this study our objectives were: 1) to determine the relative proportion of wild and hatchery 
Chinook Salmon in the Lake Ontario angler harvest in open lake and New York’s tributary fisheries; 2) to 
determine whether any regional differences exist in the proportion of wild adults spawning in tributaries; 
3) to compare the size at age of hatchery and wild Chinook Salmon monthly in the lake and tributaries; and 
4) to estimate and compare the size at maturity of wild and hatchery age 2 Chinook Salmon. We also 
consider the implications of our results for Lake Ontario fisheries management.  
 
METHODS 
To determine the proportions of wild and hatchery Chinook Salmon in Lake Ontario, all Chinook 
Salmon stocked by New York and Ontario of the 2008-2011 year-classes (YCs) were marked with an 
adipose fin (AD) clip (Table 1).  Fish of these year classes captured later in the lake or tributaries or in the 
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hatchery without an AD clip were assumed wild after adjustments for clipping error. Marking and tagging 
were completed with the AutoFish system (Northwest Marine Technology Inc.), which is contained in a 45 
ft portable trailer. Several Chinook Salmon tagging studies were conducted by NYSDEC and OMNRF in 
conjunction with this study for which objectives, methods quality control and results are detailed elsewhere 
(Chapter 3 and 5 this dissertation; Ontario Ministry of Natural Resources 2015). Briefly, from 2008-2013, 
Chinook Salmon were adipose clipped and tagged to determine the proportions wild Chinook Salmon in 
Lake Ontario and its tributaries and to compare the relative survival, imprinting, and straying of hatchery 
pen-acclimated or direct-stocked Chinook Salmon. 
 
Field Sampling 
In New York, angler harvested Chinook Salmon were sampled as part of the New York Lake 
Ontario Fishing Boat Survey from April-September, 2009-2015, which included two creel survey teams 
(Lantry and Eckert 2015), and an additional 2-4 technicians were deployed specifically to process Chinook 
Salmon for clip and CWT recovery during the lake angling season at cleaning stations, boat ramps, and 
marinas (June-September, 2010-2015).  Chinook Salmon were measured for total length (TL) and weight, 
examined for fin clips and CWTs, and a sample of scales was collected from each fish for determining age.  
During fall tributary fishing (Sept. 15-Nov. 5, 2010-2015), sampling focused on major tributaries 
in New York from Niagara River to the Black River (Figure 1).  Since most fish were sampled from cleaning 
stations, anglers were asked where their fish were caught to identify and record capture locations.  Recovery 
efforts also included walking streams to sample anglers’ harvest, sampling salmon carcasses in the streams 
(2012-2014), and electrofishing some streams (2013-2015).  
 
Fish Ageing 
Most Chinook Salmon collected in New York waters were aged from impressions of fish scales on 
acetate film by counting annuli using 2x-10x magnification (n= 3,605 4,110, 4,473, 3,097 2,124, and 825 
in 2010-2015, respectively). Fish containing CWTs were aged using their tag’s unique code, which 
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identified age and stocking location (n=669 in 2011, 1,273 in 2012, 1,799 in 2013, and 2,029 in 2014). In 
2012-2014, some samples were aged using monthly stratified age-length keys (n=2,691 in 2012, n=1,989 
in 2013, and 3,730 in 2014).  Initial analysis of size at age based on scale and tag-aged fish suggested that 
wild and hatchery fish were different, therefore separate monthly age-length keys were developed for wild 
and hatchery salmon. All Salmon River-stocked fish (2008-2010 YC, Table 1) contained CWT code 23 for 
all YCs, so scales were used to age these fish. Some sampled fish were already cleaned and filleted by 
anglers. In these cases (n=30 in 2010, n=188 in 2011, n=169 in 2012, n=172 in 2013, n=385 in 2014), only 
total lengths were measured, the fish were checked for fin clips and tags, and ages for these fish were 
determined using age-length keys. Sampled carcasses (2012: n=683, 2013: n=283, 2014: n=517) were 
measured for TL, checked for AD clips and CWTs. Those without CWTs (n=530 in 2012, 128 in 2013, and 
361 in 2014) were aged using monthly stratified age-length keys by origin created based on the respective 
year’s scale ageing.  
In Ontario, samples were collected during angling surveys for 2010-2014, from directed sampling 
at high use ports, and from tournaments and derbies (OMNR 2015). Chinook Salmon were measured for 
fork length (FL) and weight and examined for fin clips and CWTs (n= 404, 499, 877, 731, and 127, 
respectively 2010-2014). FL was converted to TL by TL= 1.052(FL) + 18.939 (OMNR unpublished data).  
A subsample of Chinook Salmon otoliths was collected for ageing in 2010-2014 (n=204, 241, 171, 248, 
127 respectively), and ages were determined by counting annuli on thin-sectioned otoliths. Ages of the 
remaining fish were determined based on CWTs or with monthly stratified age-length keys established 
from otoliths, CWTs and scale ageing.  
 
Data Analyses  
% Wild in Lake Ontario Harvest 
We determined the proportions of angler caught Chinook Salmon that were wild and stocked in 
each year of sampling from 2009-2015 stratified by capture location (lake or tributary), by region and by 
cohort (Figure 1). In tributaries, we analyzed recoveries from the Salmon River and its tributaries as a 
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separate region because we suspected it may contain high numbers of adult wild salmon based on previous 
work by Everitt (2006) suggesting millions of wild Chinook Salmon parr were produced in that system. To 
test the hypotheses that proportions of wild salmon were different among regions, ages, and cohorts, we 
used a general linear model with a binomial distribution and a log link function, including interactions 
between these fixed effects. The proportions of wild salmon in each year class were compared among 
regions (i.e., NY west, NY east and Ontario in lake; or NY west, NY east and Salmon River in NY streams), 
cohorts (2008-2011) and ages (1-4). Some cells contained low sample sizes, which can bias maximum 
likelihood estimates (Firth 1993); therefore the R package brglm2 was used for median bias reduction 
(Kosmidis et al. 2019).  Post hoc tests comparing percentages of wild Chinook Salmon in different regions 
and ages among cohorts were made using emmeans (Lenth 2020) and the Benjamini & Hochberg (1995) 
method for adjusting p-values when performing multiple tests.   
 
Size at Age Comparisons 
To compare the size at age of Chinook Salmon in Lake Ontario, we stratified length data by year 
class (2008-2011), month (July-October), origin, and age. We focused the analyses on ages 2 and 3 because 
age-4 Chinook Salmon in Lake Ontario were relatively rare (less than 1% during the study, Lantry & Eckert 
2018), and sample sizes were low. In addition, age-1 size estimates may be biased by a harvest size limit 
of 380 mm (15 inches), e.g., if wild fish are smaller, they would recruit to the harvest later.    In 2008-2009, 
all hatchery origin fish were clipped so initial analysis compared the length at age of hatchery and wild fish 
for these two cohorts.  In 2010 and 2011, pen-acclimated and direct-stocked hatchery Chinook Salmon were 
also coded wire tagged according to their stocking origin (pen or direct) so analyses for these two years 
were done separately to test the hypothesis that lengths of wild, pen and direct-stocked salmon were 
significantly different. Initial data exploration indicated that the dependent variable length was non-normal 
(W = 0.89, P < 0.0001), so length data were transformed using ordered quantile normalization (Peterson & 
Cavanaugh 2019), which improved normality (W = 0.99, P = 0.7924).  Variances were heteroskedastic 
(Levenes test, F=18.8 (47, 9787); p<0.001); therefore, we used a generalized linear model, and a type III 
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analysis of variance with a heteroskedasticity-consistent standard error estimator “White adjustment HC3” 
(White 1980; Hayes & Cai 2007) to test for significant main effects and interactions with the car package 
in R (Fox & Weisberg 2019).  Post hoc tests comparing estimated marginal mean lengths at different levels 
were conducted using Games-Howell (Sidak) tests in the emmeans package (Lenth 2020). 
 
Size at Maturity  
To compare the size at maturity of age-2 wild vs hatchery pen and direct-stocked Chinook Salmon, 
we estimated the probability of maturing at age-2 as a function of size for each origin by using a similar 
approach to that described by Barot et al. (2004), Barot et al. (2004a) and by Morita et al. (2005) termed 
the demographic reconstruction method. Although we did not collect data on the maturity status of age-2 
salmon in the Lake by direct methods, e.g., gonadosomatic index, probabilistic maturation reaction norms 
(PMRNs) can still be estimated when specific data on the maturity status of immature and maturing fish 
are not available if data on size and age of mature fish exists by reconstructing the missing data (Heino et 
al. 2002). The estimation method (Heino et al. 2002; Barot et al. 2004) relies on projecting the size 
distributions of mature fish from one age (t) to another (t-a) with growth models and dividing by the number 
of immature fish at age (t-a) to estimate the probability of maturation at age and size.   
In this study, we measured the size frequency distributions of mature age-2 Chinook Salmon on the 
spawning grounds in October and the size distributions of immature and maturing age-2 salmon in June 
and July in the lake; and we projected the sizes of immature and maturing fish from June/July to October 
using Von Bertalanfy growth (VB) models for each cohort and origin (Appendix Figures 4.2 and 4.3).  
Growth models were parameterized using size data at ages 1-4 for four cohorts (2008-2011) measured from 
April-October, 2009-2015. Length at age (Lt) was estimated as: 
 𝐿𝑡 = 𝐿𝑟 + (𝐿∞ − 𝐿𝑟)[1 − 𝑒−𝐾(𝑡−𝑡𝑟)]  [1] 
where Lt is the expected mean length at time t, 𝐿∞ is the asymptotic mean length, K is the 
exponential rate at which Lt approaches 𝐿∞, and Lr is a specified length at time tr, which is the time required 
for a fish to reach Lr, thus Lt= Lr when t=tr (Ogle & Isermann 2017). A specific value of Lr or tr may be 
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chosen so that the equation passes through any specific point on the curve. Separate models were fit for 
each cohort and origin using non-linear regression with the R stats (version 3.6, R Core Team 2020) and 
FSA (version 0.8.3, Ogle et al. 2020). Parameters for VB models are provided in Appendix Table 4.7.  
To estimate the probability of maturing, the number of immature/maturing fish in size class i at age 
t-a that matured at age t (in months) was estimated as 
  𝑛𝑖,𝑡−𝑎 = ∑ 𝑛𝑖,𝑡𝑖  𝑥 𝑞𝑖,𝑡−𝑎,𝑡   [2] 
where 𝑞𝑖,𝑡−𝑎,𝑡 is the size probability distribution of mature fish at age t (Morita et al. 2005). We 
estimated 𝑞𝑖,𝑡−𝑎,𝑡 by calculating the kernel density estimate (KDE) of sizes of mature fish (q) measured in 
October (500 to 1200mm in 10mm bins) and using 𝑞𝑖,𝑡−𝑎,𝑡 as weights to sample from the size distribution 
of immature/maturing fish projected from the lake sample at age t in the same relative frequency as observed 
in the mature October sample. The numbers of immature/maturing Chinook Salmon at time t-a that did not 
mature in October was estimated as 
  𝑛𝑖,𝑡−𝑎 = ∑ 𝑛𝑖,𝑡𝑖  𝑥 𝑝𝑖,𝑡−𝑎,𝑡  [3] 
where 𝑝𝑖,𝑡−𝑎,𝑡  is the size probability distribution of immature fish at age t. The KDE of immature 
size (p) was estimated by subtracting the KDE of mature fish (q) from the KDE of the projected 
immature/mature size distribution (p+q) and using the difference (where p≥0) as weights to sample from 
the size distribution of immature/mature Chinook.   
The probability of maturing (P) at age-2 was estimated using logistic regression (Heino, 
Dieckmann, & Godø 2002; Kendall et al. 2014) where 
  𝑃 = (
𝑃
1−𝑃
) 𝑐0 +  𝑐1 𝐿 + 𝑐2𝑜 +  𝑐3𝑏. 𝑐0  [4] 
Where c0 is a constant, 𝑐1 is a coefficient for length (L), and c2 and c3 are coefficients for the 
factors origin (o) and cohort (b). The regression was performed using the rms package (Harrell 2019) and 
the ROCR (Sing et al. 2005) and caret (Kuhn 2020) packages were used to evaluate model accuracy. Based 
on model results, the length at which the probability of maturing in October is 50% (LM50, Heino et al. 
2002b) was calculated for each year class and origin to illustrate the midpoint of the PMRN. The onset of 
142 
 
maturation obviously occurred months earlier when some size and energy reserve threshold had been 
reached (Heino et al. 2002; Kinnison et al. 2011).  Therefore, as a means for comparing size at maturity 
among different origins, we estimated LM50 of wild, pen and direct-stocked age-2 hatchery Chinook Salmon 
in July by back-projection, using the respective VB models, and calculated the proportion of age-2 salmon 
in July that exceeded LM50 in that month for each origin. Here we assumed that a fish that exceeded LM50 
would be likely to mature at age 2. 
In addition, as a means for indexing the proportions of age-2 salmon maturing (vs not maturing) 
for each origin, we also estimated the overlap of the mature (p) and projected immature/mature (p+q) length 
KDEs for each origin and cohort using the overlapping package (Pastore 2018). The degree of overlap (ղ) 
can be thought of as a similarity index of two or more probability distribution functions and is particularly 




Manual quality control (QC) checks during the marking and tagging process showed excellent 
results with greater than 99% of the fish sampled having an AD clip and greater than 99.6% of tagged fish 
sampled having a CWT (Table 2). Clipping quality and tag retention remained high when checked thirty 
days after tagging, with greater than 99% of fish AD-clipped and 98.6% of the tagged fish retaining their 
tags (2008-2011; Table 2).  Further details are provided in Chapter 2 of this dissertation. 
 
% Wild Chinook in Lake Ontario 
Mass-marking to determine the proportion of wild Chinook Salmon was conducted from 2008-
2011 and all year classes were fully recruited to the fishery by 2015. A total of 15,386 angler caught 
Chinook Salmon belonging to these year classes was sampled from the lake fishery from 2009-2015 
including 4,649, 8,749, and 2,264 from NY west, NY east and Ontario regions, respectively (Appendix 
Table 4.1). Regression analysis indicated that there were significant differences among regions (Likelihood 
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Ratio Chi-squared (X2=90.7, DF=3, P<0.0001), year class (X2=914.4, DF=2, P<0.0001) and age (X2=404.7, 
DF=3, P<0.0001) with significant interactions between year class and region (X2=40.1, DF=6, P<0.0001), 
year class and age (X2=107.7, DF=9, P<0.0001) and year class, region, and age (X2=33.6, DF=15, P=0.004). 
The saturated model significantly reduced the deviance (Deviance=1.35, df=0, P<0.001) from the null 
model (Deviance=1625, df=45) and was selected as the most parsimonious model based on Akaike’s 
Information Criteria (AIC) (Null AIC=1855, Saturated Model AIC= 325). The model fit reasonably well 
(Mcfadden’s Pseudo R2 = 0.87).  
The percentages of wild age-1 Chinook Salmon significantly varied among regions and year classes 
ranging from 21% to 56% (Figure 2, Appendix Table 4.1). Percentages of wild age-1 Chinook Salmon were 
significantly higher in Ontario waters across the three cohorts where data was available and averaged 42% 
(SE=7%), compared to 27% (SE=3%) and 26% (SE=3%) in NY east and west regions, respectively, which 
were not significantly different (P=0.93).  Estimated percentages of wild fish at age-1 tended to be lower 
than those observed at older ages within the same cohort and were significantly lower in six of eleven cases 
suggesting a potential negative bias in age-1 percent wild estimates. The percentages of wild Chinook 
Salmon at age-2 were significantly different among regions for three of the four cohorts studied, with the 
NY west region (M=36%, SE=1%) containing significantly lower percentages of wild Chinook Salmon 
than at least one of the regions (NY east: M=43%, SE=1%; Ontario: M=51%, SE=2%) over the four cohorts 
studied.  Likewise, percentages of age-3 Chinook Salmon were significantly lower in the NY west region 
(M=43%, SE=2%) compared to NY east (M=53%, SE=1%) and Ontario regions (M=54%, SE=3%) in all 
four cohorts. For the 2009 and 2010 cohorts, the percentages of wild age-3 were significantly higher than 
percentages observed at age-2 in each cohort increasing by 8-25% depending on the region and year class 
(Figure 4).  Age-4 Chinook Salmon are rare in Lake Ontario (Lantry & Eckert 2018), therefore sample sizes 
of age-4 Chinook Salmon were low and confidence intervals were wide so no conclusions could be drawn 
for that age class.  
Overall, wild Chinook Salmon represented an average of 43% of the Lake harvest when proportions 
were weighted by sample size at age over the four cohorts studied. If only age-2 and age-3 Chinook Salmon 
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are considered since they represent the majority of the lake harvest (Lantry and Eckert 2018), an average 
of 46% of the age-2 and 3 harvest were wild fish across the four cohorts. The 2010 year-class was 
particularly strong, with wild fish representing 58% and 75% of the age-2 and age-3 lake harvest, 
respectively.  When we considered only the years when both age-2 and age-3 were marked and present in 
the lake (i.e., 37%, 57%, 58% in 2011-2013), an average of 50% of the Chinook Salmon in the harvest were 
wild.  
 
% Wild in Lake Ontario Tributaries 
In tributaries, a total of 12,842 samples belonging to the 2008-2011 cohorts were collected during 
the 2009-2015 fall spawning runs including 5,579, 3,548, and 3,355 respectively from NY western, NY 
eastern tributaries and the Salmon River. Ontario tributaries were not sampled during the study except at 
Credit River. Regression analysis indicated that the proportion of wild Chinook Salmon varied significantly 
among regions (Likelihood Ratio Chi-squared (X2=3421.2, DF=2, P<0.0001), year class (X2=160.0, DF=3, 
P<0.0001) and age (X2=43.1, DF=3, P<0.0001) with significant interactions between year class and region 
(X2=73.1, DF=6, P<0.0001), year class and age (X2=134.9, DF=9, P<0.0001) and year class, region, and 
age (X2=59.0, DF=15, P=0.004). The most parsimonious model was the saturated model (Null AIC=4549.4, 
DF=1, Saturated AIC=286.8, DF=46) with a significant reduction in the deviance compared to the null 
model (Null Deviance=4356.4, DF=45, Saturated Deviance=3.4, DF=31, P<0.0001).  
The proportion of wild Chinook Salmon in the tributaries differed more between regions compared 
to the lake. The Salmon River contained significantly higher percentages of wild Chinook Salmon than NY 
west and east region tributaries in 13 of 15 contrasts tested across all ages and cohorts (Figure 3, Appendix 
Table 4.2).  Percentages of wild salmon in the Salmon River at ages 1-4 averaged 49% (SE=2%), 60% 
(SE=2%), 56% (SE=2%), and 87% (SE=7%), respectively. Although results varied with the cohort and age 
(Figure 3), NY east tributaries contained significantly higher percentages of age-2 and 3 wild salmon than 
NY west tributaries. Overall, the percentages of wild Chinook Salmon in New York tributaries (weighted 
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by sample size at age) averaged 7% (SE=2%) in NY west tributaries, 17% (SE=4%) in NY east tributaries, 
and 58% (SE=6%) in the Salmon River across four cohorts. 
 
Size at Age of Hatchery and Wild Chinook Salmon 
We tested for significant differences in average length of wild and hatchery Chinook Salmon at 
ages 2 and 3 in the months of July-October for the 2008-2009 cohorts. We measured 6,581 age-2 and 3 
Chinook Salmon from 2010-2012 with sample sizes ranging from 42-750 per cell (median N=162). Length 
varied significantly among all main effects (Appendix Table 4.2), and there were significant interactions 
between origin, year class, age, and month (Appendix Table 4.2, F (3, 6519) = 2.24, p=0.036), therefore 
post-hoc comparisons were conducted between wild and hatchery salmon at each factor level (Appendix 
Table 4.3). Estimated mean lengths of wild age-2 Chinook Salmon (2008: M=733 mm, SE= 8.0; 2009: 
M=767 mm, SE=3.5) were significantly smaller than hatchery origin salmon (2008: M=785 mm, SE= 7.9; 
2009: M=816 mm, SE=2.9) in July by 49 mm (SE=12.4, P<0.0001) and 52 mm (SE=4.5 P<0.0001), 
respectively (Figure 4). Size differences (D) between wild and hatchery salmon at age-2 generally declined 
in subsequent months, and in October when mature age-2 salmon were measured in tributaries, mean 
lengths of wild and hatchery salmon were not significantly different (2008: D=14.3 mm, P=0.0575; 2009: 
D=7.0 mm, P=0.247). Mean lengths of age-3 wild and hatchery Chinook Salmon harvested in the Lake in 
July were not significantly different for either cohort.  Wild age-3 salmon were significantly smaller than 
hatchery salmon by 22 mm (SE=7.4, P=0.02) and 26 mm (P<0.001) in September and by 24 mm (SE=7.4, 
P=0.006) and 18 mm (SE=6.3, P<0.001) in October for the 2008 and 2009 cohorts, respectively (Appendix 
Table 4.4). 
For the 2010 and 2011 cohorts, hatchery salmon were partitioned into pen and direct-stocked, and 
we tested for significant differences among origins at ages 2 and 3. We measured 10,216 age-2 and age-3 
salmon with sample sizes ranging from 13 to 938 per cell (median N=124).  Results of the omnibus test 
were similar to 2008/2009 cohorts with significant main effects and significant interactions between origin, 
month, age, and year-class (Appendix Table 4.4, F (6, 9834) = 2.1, P=0.0498). Pairwise comparisons for 
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the 2010 cohort also showed a general pattern of significantly smaller wild age-2 salmon than both pen-
acclimated and direct-stocked hatchery salmon in the lake in July and August, and smaller differences 
among origins when compared in the tributaries (Figure 4).  Age-2 pen-acclimated and direct-stocked 
Chinook Salmon were not significantly different in any month compared at alpha=0.05 (Appendix Table 
4.5), although in October, age-2 pen fish were marginally larger than direct-stocked salmon (p=0.055) by 
12 mm and wild salmon by 9 mm (p=0.079).  Age-3 wild salmon were significantly larger than pen and 
direct-stocked salmon in October by 28 mm (P<0.0001) and 29 mm (P<0.0001) respectively.  Pairwise 
comparisons for the 2011 cohort only showed significantly smaller wild age-2 in July by approximately 23 
mm in August at age-3 by approximately 35 mm.  
 
Overlap of Immature and Mature Size Distributions 
 We estimated the degree of overlap (ղ) of length kernal density estimates (KDE) for 
immature/maturing and mature age-2 Chinook Salmon (Figure 6) as a means for indexing the proportions 
of salmon maturing (vs. not maturing) for each origin (wild, hatchery, pen and direct-stocked).  The overlap 
of wild Chinook Salmon averaged 45% (SE=4%) compared to 61% (SE=2%) for hatchery origin fish over 
four cohorts studied (2008-2011). These were significantly different (t (4) =-3.1, P=0.04). Overlap of direct-
stocked and pen-acclimated Chinook averaged 62% and 63% in 2010 and 2011 and these were not 
significantly different (t (1.2) =-0.07, P=0.94).  
 
Size at Maturity 
Results of logistic regression (Appendix Table 4.5) indicated that probability of maturing at age-2 
was strongly associated with length (Wald χ-squared = 358.5, df = 1, P<0.0001) and origin (χ-squared = 
17.0, df = 2, P<0.002) but not year-class (χ-squared = 2.1 df = 1, P=0.14).  Based on this result and Akaike’s 
Information Criteria (AIC) scores, year-class was dropped from the model. The final model’s residual 
deviance was significantly lower than the null model (Likelihood Ratio G2=2040, df=1, P<0.0001) and 
prediction accuracy was 91% when tested against 30% of the original data (Appendix Table 4.8). Two 
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goodness of fit metrics were assessed including McFadden’s pseudo-R2 (0.73), and the le Cessie-van 
Houwelingen goodness of fit test that indicated no significant difference between predicted and observed 
classification rates (z=-1.77, P= 0.09).   Size was a significant predictor of maturity with an odds ratio of 
1.06 indicating that when all other predictors were held constant, the odds of salmon maturing increased by 
6% for every unit (mm) increase in size of age-2 salmon within the range of given lengths. Origin was also 
a significant factor in the model, however the odds of maturing at a given length for direct-stocked salmon 
was not significantly different than wild fish (P=0.72). Based on the odds ratio, pen stocked salmon were 
40% less likely to mature than wild fish at the same length. In other words, age-2 pen stocked Chinook 
Salmon matured at significantly larger sizes than wild salmon. The LM50 for hatchery pen fish was 818 mm 
(± 6 mm) compared with 804 mm (± 4 mm) and 806 mm (± 9 mm) for wild and direct-stocked salmon, 
respectively (Figure 6). When these lengths were projected back to July, the estimated LM50 was 748, 744, 
and 759 mm for wild, direct- and pen-stocked salmon, respectively. Compared with the size distributions 
in July for each respective origin, the proportion of salmon that exceeded LM50 was 59% for wild fish, 77% 
for direct-stocked and 78.5% for pen-stocked salmon in the 2010 cohort (Figure 7).  In the 2011 cohort, 
55% of wild fish, 72% of direct and 80% of pen stocked Chinook Salmon exceeded LM50.  
 
DISCUSSION 
Wild Chinook Salmon represented an important component of the Lake Ontario fishery averaging 46% of 
the lake harvest. Percent wild varied significantly across cohorts averaging 36-61% of the harvest for the 
2008-2011 year-classes. Results were similar to ranges reported by Connerton et al. (2009) in which wild 
salmon ranged from 23-55% among four cohorts and 20-75% of age-3 Chinook Salmon from 1992-2005 
were wild (Connerton et al. 2009).  Wild reproduction of Chinook Salmon parr in the Salmon River, a 
tributary to Lake Ontario, also varied considerably based on results of annual monitoring from 2001-2020 
(Bishop et al. 2020). Also similar to our findings, wild reproduction of Chinook Salmon in 2010 was high 
and 2008 was a particularly weak year class for wild reproduction (Bishop et al. 2020). Noteworthy is that 
only 57% of the hatchery target was stocked in 2008, which may have inflated the proportion of wild fish 
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in that cohort compared to the other marked year classes assuming equal survival.  More estimates of 
proportions of wild fish in the lake are needed to confidently test for correlations with the Salmon River, 
however, two of the four cohorts (i.e., 2008, 2009) were the third and fourth lowest in the twenty-year 
Salmon River time series, and the 2010 year-class ranked among the fourth highest (Bishop et al. 2020), 
suggesting that 2008-2011 cohorts in this study have minimally captured the range of natural reproduction 
in Lake Ontario. The average numbers of naturally reproduced salmon parr measured in the Salmon River 
has doubled in the last 10 years compared to the first ten of that survey, suggesting that levels of natural 
reproduction have increased since this study was conducted.  
The proportions of wild Chinook Salmon in Lake Ontario harvest also varied among regions, with 
east and Ontario regions significantly higher than the western region. These differences may relate to 
regional distribution of wild adults returning to natal tributaries prior to spawning and relative levels of 
wild reproduction in tributaries (Marklevitz et al. 2016). Although CWT data from mass marking has shown 
that Chinook Salmon adults are well mixed in Lake Ontario from June-August, tagging data also suggests 
that as fish home to their spawning streams in late summer, a higher proportion of angler harvest for a 
particular region is comprised of fish stocked in that region (Chapter 3). Undoubtedly, this is also true for 
wild salmon that typically have higher homing rates than hatchery salmon (Keefer & Caudill 2014). 
Although results of wild populations included all months combined in this study, previous analysis has 
shown a significant decline in the proportions of wild fish in the NY western region and significant increases 
in the NY eastern region in late summer, potentially as a result of migration of mature wild salmon towards 
natal tributaries, and corresponding to observations in tributaries (Connerton et al. 2014).   
In tributaries, the percentages of age-2 and age-3 wild Chinook Salmon in New York averaged 
7.5% in western region tributaries, 18% in eastern region tributaries, and 58% in the Salmon River over the 
four cohorts. These differences may be due to several factors including warm temperatures and low water 
in tributaries (Boles 1988; Rand et al. 2006; Powers 2016), limited quality spawning or rearing habitat 
(Wildridge 1990; Coghlan 2004; Johnson 2014), impassible barriers present in western and eastern regions, 
and perhaps even differences in habitat selection by wild and hatchery salmon (Hughes & Murdoch 2017). 
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High angling pressure in these tributaries may also negatively affect spawner abundance and levels of 
natural reproduction, either directly by harvest or as a result of high pre-spawn mortality caused by catch 
and release angling in warm streams (Everitt 2006; Bowerman et al. 2018).  
More research is needed to understand the relative wild contribution of different watersheds, and 
whether annual variability of natural reproduction is synchronized across watersheds and with proportions 
in Lake Ontario. Studies show that unfavorable freshwater conditions (e.g., heavy fall rains, and high stream 
temperatures) often do occur simultaneously across many watersheds (Mauger et al. 2016; Jones et al. 2020) 
and that high discharge can negatively impact production in regions simultaneously (Neuswanger et al. 
2015; Ward et al. 2015; Jones et al. 2020). Conversely, early ice break-up in streams or above average 
precipitation during juvenile rearing can be favorable and correlated at regional scales (Ohlberger et al. 
2016; Jones et al. 2020).  In the Salmon River, abundance of Chinook Salmon parr in spring is positively 
correlated with warmer winter temperatures, and negatively correlated with excessively high flow events 
during egg incubation (Bishop et al. 2020).  Both are factors that likely act at the regional scale, suggesting 
the potential for regional synchrony of wild reproduction among tributaries in Lake Ontario.    
Previous studies suggest that tributaries in Lake Ontario have different natural reproduction 
potential.  The Salmon River watershed is likely the largest single source of wild Chinook Salmon in New 
York (Johnson et al. 2016), considering its large size, extensive quality habitat (Everitt 2006; Johnson et al. 
2010), and large runs of salmon (Bishop et al. 2020) most of which are wild fish, with proportions of wild 
adults ranging from 42-75% (Appendix Table 4.2; Nack et al. 2011). The Salmon River also receives large 
hatchery stocking allocations to withstand spawner harvest of an intense fishery (Prindle & Bishop 2018) 
and still ensure sufficient adults returning to the hatchery.  Base flows established by a power dam licensing 
agreement on the River also ensures sufficient water levels in low water years, and the net effect is the 
lessening of severity of both high and low flow events (Connerton et al. 2009). 
Everitt (2006) estimated that 5-10 million Chinook Salmon parr were produced in the Salmon River 
watershed in 2005 compared to the 300,000 stocked there annually, and  in 2010 and 2011, parr abundance 
was estimated to be 11.5 to 16 million fish (Miller 2012; Johnson et al. 2016). Tributaries in the Province 
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of Ontario are also known to support salmonine wild reproduction (Bowlby & Roff 1986; Stanfield et al. 
2006; Ontario Ministry of Natural Resources and Forestry 2018). Chinook Salmon natural reproduction is 
known to occur in at least six tributaries (OMNRF 2018) and in 1998, Bowlby et al. (1999) estimated that 
403,000 Chinook pre-smolt fingerlings were produced from Province of Ontario tributaries, which is more 
than Ontario annually stocked at the time. In the Credit River where Ontario collects eggs, 15% of Chinook 
Salmon were wild in 2011 (Ontario Ministry of Natural Resources 2013). More research is needed, 
however, to understand the cumulative wild production of all tributaries including in the Province of 
Ontario. Although the proportions of wild adult Chinook Salmon returning were relatively low in many 
tributaries, there has been no comprehensive study to assess the relative contribution of all tributaries to the 
lake. At least 23 of 28 tributaries in New York are known to receive runs of Chinook Salmon (Prindle & 
Bishop 2018).  Small tributaries may contribute relatively little on their own, but collectively regions may 
contribute a significant amount.  Similar to our results, the distribution of wild fish determined by otolith 
microchemistry in Lake Huron was not uniform and was related to the differential regional contributions 
of wild fish from watersheds (Marklevitz et al. 2016). Otolith microchemistry of lake populations has shown 
great potential for understanding the sources of tributary wild reproduction in Lakes Michigan and Huron  
(Marklevitz et al. 2016; Maguffee et al. 2019) and could contribute to our understanding in Lake Ontario.  
The proportions of wild Chinook Salmon in Lake Ontario also varied among ages, with a general 
pattern of increasing wild proportions across ages.  For example, the proportions of wild fish were 
significantly higher at age 3 compared to age 2, and at age 2 compared to age 1 in half of the cases tested 
in the lake. Proportions wild at age-1 may be biased low because wild fish start out smaller (Everitt 2006, 
Bishop et al. 2020) and presumably recruit to a harvestable size (≥ 15 in, 380 mm) later than hatchery reared 
Chinook.  Previous analysis has shown that age-1 hatchery salmon are significantly larger than wild salmon 
(Connerton et al. 2011),  which would underrepresent wild age-1 fish sampled from the lake harvest. The 
increasing proportions of wild fish between age 2 and age 3 may also be explained by size differences 
between hatchery and wild fish. We found that hatchery salmon at age-2 were significantly larger than age-
2 wild salmon in July by approximately 50 mm in three of the four cohorts tested. Several mechanisms 
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related to size may have influenced the proportions of wild salmon determined in the harvest including size 
selective harvest (Ricker 1981; Kendall & Quinn 2012; Kendall et al. 2014), differences in habitats 
(Roegner et al. 2016), or differences in maturity between wild and hatchery fish (Williams 2012; Larsen et 
al. 2013; Larsen et al. 2019):  
1) Size selective harvest may bias observed wild proportions if larger hatchery salmon were 
selected over smaller wild salmon at age 2 leading to less hatchery salmon in the population at later ages.  
Size selection occurs in commercial gillnet fisheries (Kendall & Quinn 2012; Kendall et al. 2014; Dunlop 
et al. 2018) but size selection by angling is less well studied (Dunlop et al. 2018). Our results indicated that 
hatchery age-2 salmon were significantly larger than age-2 wild salmon in July by approximately 50 mm.  
Whether anglers would be more likely to release a 5 kg salmon (767mm) over a 6 kg (812 mm) age-2 
salmon in Lake Ontario’s recreational fisheries has not been studied, however, it seems unlikely, especially 
on charter boats, which represent 48% of the harvest in Lake Ontario and typically release a lower 
proportion of their fish compared to recreational anglers (Lantry and Eckert 2018). A size selective effect 
is possible, however, given that the popularity of catch and release has increased on Lake Ontario since 
1985, and on average over the last ten years, 44% of the Chinook Salmon caught were released (Connerton 
et al 2020).  The size distributions of wild and hatchery salmon were not uniform; neither distribution was 
truncated, and wild size was more variable, suggesting lack of support for size selective mortality 
(Claiborne et al. 2011; Beacham et al. 2017; Beacham et al. 2018). Nonetheless, size selection is a possible 
mechanism. Some angling gear on its own may select for larger fish (e.g., “meat rigs”), and could have 
influenced our results, thus this deserves future research attention. 
2) Most research exploring whether hatchery and wild salmon occupy different habitats has focused 
mainly on juvenile life stages (e.g., Beamish et al. 2012), however Weitkamp (2010) and Daly et al. (2011) 
found similar distribution patterns of wild and hatchery Chinook Salmon in the marine system. In Lake 
Michigan, distributions of hatchery Chinook Salmon were mainly determined by distribution of prey and 
temperature (Adlerstein et al. 2008) except in fall when mature salmon move toward tributaries prior to 
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spawning. and immature salmon remained offshore (Adlerstein et al. 2008), when anglers target larger, 
staging fish.   
3) Increasing wild proportions across ages may also be due to earlier maturation by hatchery fish 
(Williams 2012; Olsen et al. 2014; Ohlberger et al. 2018). If hatchery salmon mature earlier due to larger 
sizes, the proportions of wild salmon would increase across ages because more hatchery salmon mature and 
leave the lake population. In our study, hatchery age-2 Chinook Salmon were on average larger than wild 
fish in July, and hatchery salmon were more likely to mature, with 20% more fish reaching LM50 than wild 
fish in July.  Size distributions of immature and maturing wild fish in July and October (mature) also showed 
significantly less overlap (ղ) than hatchery origin fish, suggesting fewer wild salmon matured in October.   
Interestingly, size differences between hatchery and wild fish decreased in August and September.  Chinook 
Salmon begin staging in late August and September in Lake Ontario and recreational fisheries tend to target 
these staging fish (Lantry and Eckert 2018). Mature salmon move toward tributaries and nearshore areas 
where anglers are concentrated and immature salmon remain offshore (Adlerstein et al. 2008). 
Consequently, a higher proportion of mature fish are harvested in September compared to earlier months, 
which may explain the smaller differences in mean lengths observed in September (i.e., smaller immature 
fish were not as frequently harvested in September). Wild and hatchery salmon were not significantly 
different when measured among spawning fish in tributaries, presumably because age-2 wild and hatchery 
mature fish in October were comprised of fish that met the maturity size threshold earlier in life (Morita et 
al. 2005), and smaller immature salmon remained in the Lake to mature at age 3 (Ohlberger et al. 2016). 
The size difference between hatchery and wild Chinook Salmon for younger ages could also result 
from highly skewed sex ratios, different growth rates of hatchery vs. wild fish, or different sizes of wild 
and hatchery fish as age-0 juveniles.  Sex was not recorded on all individuals measured for length mainly 
because we were collecting data from angler harvested fish, however limited data indicated an even sex 
ratio.  Proportion of males in wild fish did not change from age 2 to age 3, while proportions of hatchery 
males declined suggesting that more male hatchery fish matured at age 2. We originally hypothesized that 
hatchery salmon would be larger than wild salmon at age because wild salmon  averaged 40 mm smaller as 
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parr and because size of wild Chinook Salmon parr was more variable presumably due to more protracted 
emergence and migration from tributaries than hatchery salmon (Everitt 2006; Johnson 2008; Bishop et al. 
2020). By comparison, hatchery salmon experience more punctuated hatching and faster growth in 
hatcheries (Kerns et al. 2016).  Wild fish at age 2 remained smaller than hatchery salmon, sizes were more 
variable, and distribution was bimodal suggesting that early life history differences were maintained which 
also influenced age at maturity.  Similar to  our findings, wild‐origin Chinook Salmon exhibited bimodal 
distribution, and tended to be smaller and more variable in size than their hatchery counterparts shortly after 
migration in Puget Sound (Beamish et al. 2012) and in later months in the Straits of Georgia  (Nelson et al. 
2019) suggesting that size differences were maintained later in life. In Lake Michigan,  Williams (2012)  
reported significant differences between size at age of wild and hatchery salmon at age  as well, but pooled 
size data across months resulting in differences of only 4 mm at age 2 overall.  Kerns et al. (2016) raised 
doubt about whether differences in Williams (2012) were biologically meaningful and subsequently 
analyzed long term weir data in Michigan, failing to find evidence for divergence in size at maturity. Our 
results support the conclusion that size differences were not always evident in mature hatchery and wild 
fish in tributaries. Instead, we observed biologically meaningful size differences in July and estimated 
PMRNs (LM50), which suggested that a higher proportion of hatchery salmon would likely mature at age 
2. Interestingly, the bimodal size distributions observed in the lake did not appear in the tributaries, adding 
support to our inference that smaller fish did not mature at age 2 and remained in the lake.  
Previous research has shown that larger smolts tend to mature at earlier ages (Bilton et al. 1984; 
Vøllestad et al. 2004; Morita et al. 2005; Olsen et al. 2014; Tattam et al. 2015). A larger size‐at‐age of 
younger aged fish may contribute to a decrease in the proportion of older ages at return if maturation is 
primarily determined by size (Ohlberger et al. 2018). While we did not detect differences in growth rates 
between wild and hatchery fish (Connerton unpublished data), we observed differences in size distributions 
at the parr-smolt stage (Johnson 2008) and subsequently among age-2 salmon in the lake, and corresponding 
differences in maturity. Size differences were not as evident at age 3 likely because larger fish had already 
matured at age 2.  Nonetheless, age 3 wild salmon still tended to be smaller than hatchery fish in two of the 
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cohorts (2008-2009).  Proportions of wild fish also increased between age 3 and 4 suggesting more delayed 
maturity compared to hatchery salmon. Similar patterns in size differences have been reported between 
wild and hatchery salmon at ocean entry and up to age 3 across the North American west coast, along with 
diminished differences  at older ages (Ohlberger et al. 2018).  
Our findings have implications for monitoring programs in Lake Ontario. The average size at age 
of Chinook Salmon is determined annually to serve as an indicator of predator prey balance in fisheries 
programs in the Great Lakes (Stewart et al. 2017). If size differences between wild and hatchery salmon 
persist annually, then mean estimates will be influenced by the proportions of hatchery and wild salmon in 
the population. For instance, when proportions of wild salmon are high (i.e., 75%), the average size of 
Chinook Salmon measured by agencies to assess predator growth as an indicator of predator prey balance 
may be shifted downward compared to cohorts with low proportions of wild fish. The size of wild and 
hatchery fish in August differed by roughly 30 mm in this study, which is equivalent to a difference of 0.7 
kg fish weight. The average size difference observed among years is typically less than 0.7 kg and the 
standard deviation since 1991 was 0.9 kg, raising some doubt about the utility of this indicator in the absence 
of some annual measure of the relative contribution of wild fish to decipher the possible influence of natal 
origin on average size.  
Differences in maturity between wild and hatchery salmon may also have important implications 
for differences in other reproductive traits including relationships with egg size (Thorn & Morbey 2017), 
and fecundity (Healey & Heard 1984; Quinn et al. 2011).  Larger egg size may provide a selective advantage 
since there generally is a positive relationship between egg size and offspring size (Chambers & Leggett 
1996). Large juveniles often experience increased competitive ability (Reinhardt et al. 2001), growth 
(Tatara & Berejikian 2012), swimming performance (Taylor & McPhail 1985), and survival.  Although we 
did not observe size differences between mature hatchery and wild salmon in tributaries, delayed maturity 
by wild salmon may provide a population level selective advantage due to larger average size of females 
associated with older ages and the corresponding increases in fecundity and egg size. Egg size may increase 
overwinter survival in long winters or result in size differences of fry at hatching (Bagenal 1969). More 
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variable size distributions at both the adult and juvenile stages may also provide a survival advantage by 
spreading exposure to some of the environmental selective forces over longer seasonal (i.e., fry) or annual 
(i.e., adults) windows of time (Groot & Margolis 1991). For example, timing of fry emergence and 
migration (Cogliati et al. 2017), can also lead to more variable or protracted adult spawning run timing 
(Quinn et al. 2000), which can ultimately lead to local adaptation to specific watersheds.  
Results of this study emphasize the importance of increased understanding of natural reproduction 
in Lake Ontario to understand changes in year-class strength, observed variability in angler catch rates, and 
population dynamics of Chinook Salmon. Murry et al. (2010) found that the abundance of Chinook Salmon 
in Lake Ontario was more sensitive to independent variation in age specific abundance of natural 
reproduced fish than to variable first year survival.  Likewise in Lake Michigan where prey abundance was 
driven to historically low levels, increased predator abundance was attributed to increased survival and 
higher levels of natural reproduction of Chinook Salmon, raising doubt about the ability of fisheries 
managers to affect change in Chinook Salmon abundance by altering stocking levels  (Tsehaye et al. 2014).  
Since 2011 when our study was conducted, the average index values on the Salmon River from 2011-2020 
have nearly doubled compared to the previous 2001-2010 average (Bishop et al. 2020), suggesting that 
natural reproduction has increased over the last ten years. Recently in 2017, after two successive cold 
winters in 2013 and 2014, alewife population biomass declined to a new low (Weidel, et al. 2019), raising 
new concerns by Lake Ontario fisheries managers and leading to reductions in Chinook Salmon stocking 
by 48% from 2016-2020.  Based on our results showing regional differences in wild reproduction, fisheries 
managers may also consider that any future reductions in stocking levels are likely to have the largest impact 
on fisheries in tributaries with the lowest proportions of wild fish; therefore, maintaining stocking levels at 
these tributaries may be needed to maintain regional angler catch rates during the fall. An added 
management dilemma is that stocking at Salmon River (where wild reproduction is highest) must be 
maintained to ensure broodfish returns to the hatchery to support stocking at these sites. In addition, given 
the variability in regional percent contribution, and among ages, future monitoring programs should be 
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TABLE 1. Numbers (1000s) of mass marked Chinook Salmon (AD=adipose clip, AD-CWT=adipose 
clip+tag) stocked into Lake Ontario by the Province of Ontario and New York state from 2008-2011. No 
marking was done in 2012. Sandy Creek Pen/Direct site was not marked in 2013. 
 
  
Stocking Mark 2010 2011 2013 
New York     
Salmon R. AD-CWT 339 - - 
 AD - 356 - 
 No Mark - - 360 
Pen Sites AD-CWT 431 433 394 
 AD 76 75 58 
 No Mark - - 55 
Direct Sites AD-CWT 420 418 386 
 AD 264 487 - 
 No Mark - - 519 
Ontario     
Credit R. AD-CWT 21 21 - 
 AD 65 78 - 
 No Mark   100 
Other Sites AD 381 380 - 
 AD-CWT 202 104 - 
 No Mark - - 607 




TABLE 2. Manual quality control results during operation of the AutoFish trailer at Salmon River 
Hatchery and post tagging in 2010, 2011 and 2013 (AD=adipose fin clip; CWT=coded wire tagged). No 
fish were marked in 2012. 
 
Quality Control Year 
During Operation 2010 2011 2013 
# fish checked for AD 
17,620 22,978 7,157 
% AD clipped 99.2 99.7 99.5 
# fish checked for CWT 13,539 12,097 7,157 
% with CWT 99.6 99.8 99.8 
% no AD clip, no CWT 0.04 0.12 0.17 
% AD clipped, no CWT 0.13 0.04 0.18 
  
Checked 21-30 days post-tagging  
# of Fish Checked CWT 2,906 3,028 2,364 
 Mean (SD) % AD Clipped 99.6 (1.0)    98.9 (1.7) 98.1 (1.0) 










FIGURE 2.  Percentage (±SE) wild Chinook Salmon at age in Lake Ontario’s NY east, NY west, and 
Province of Ontario regions for the 2008-2011 cohorts (blanks indicate no data). Letters within the same 







FIGURE 3. Pecentage wild Chinook Salmon in Lake Ontario tributaries (mean ± SD, weighted  by 
sample size at age and stratified by region (NY west, NY east, and Salnon River) for 2008-2011 year 
classes.  Letters within the same cohort indicate proportions were not significantly different at p=0.05 







FIGURE 4. Estimated marginal mean lengths (± 95 CI) of Lake Ontario wild vs. hatchery Chinook Salmon 
(2008-09 cohorts) and wild vs. pen-acclimated and direct-stocked hatchery Chinook Salmon (2010-2011 
cohorts) in July-October at ages 2 and 3.  
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FIGURE 5. Estimated overlap of immature and mature size distributions of age-2 wild, hatchery, pen, and 
direct-stocked Chinook Salmon in Lake Ontario. Mature size distributions were measured in tributaries in 
October for each corresponding year class.  Immature size distributions are based on measured Chinook 
Salmon in June and July and sizes were projected to October using VB growth models. The vertical 





FIGURE 6. Probability of maturation for age-2 Chinook Salmon based on length (mm) and origin (wild, 
or hatchery pen and direct-stocked). LM50 is length at which probability of maturation is 50% in October. 









FIGURE 7.  Estimated total length (mm) at 50% probability of maturation in July (LM50 and 95% CI, 
dotted line) for age-2 wild, and hatchery pen or direct-stocked Chinook Salmon, relative to observed 
lengths in July (shaded areas). LM50 for each origin in July was estimated by backprojecting the LM50 
determined in October (Heino et al. 2002). The estimated proportion of fish that were likely to mature 





APPENDIX 4. 1. Estimated percentages (%) and confidence levels (CL) of wild Chinook Salmon in three 
regions of Lake Ontario at ages 1-4 for the 2008-2011 cohorts.  Pairwise comparisons were made within 
the same year class and those groups with different letters were significantly different at alpha = 0.05. P-
values were adjusted using a Bonferroni method for false discovery rate. 
Year 
Class 









2008 1 Eastlake 6 22 28 22.4% 7.9% 9.9% 39.9% a 
 1 Westlake 3 14 17 19.4% 9.6% 5.4% 41.8% a 
 2 Eastlake 128 213 341 37.6% 2.6% 32.6% 42.8% a 
 2 Ontario 42 53 95 44.3% 5.1% 34.6% 54.2% ab 
 2 Westlake 51 125 176 29.1% 3.4% 22.8% 36.1% a 
 3 Eastlake 87 141 228 38.2% 3.2% 32.1% 44.6% a 
 3 Ontario 35 76 111 31.7% 4.4% 23.6% 40.7% a 
 3 Westlake 44 93 137 32.2% 4.0% 24.9% 40.3% a 
 4 Eastlake 37 26 63 58.6% 6.2% 46.4% 70.1% bc 
 4 Westlake 15 5 20 73.8% 9.8% 52.8% 89.2% c 
2009 1 Eastlake 76 291 367 20.8% 2.1% 16.9% 25.2% a 
 1 Ontario 56 102 158 35.5% 3.8% 28.4% 43.2% bc 
 1 Westlake 66 244 310 21.4% 2.3% 17.1% 26.2% a 
 2 Eastlake 434 788 1222 35.5% 1.4% 32.9% 38.2% b 
 2 Ontario 106 142 248 42.8% 3.1% 36.7% 49.0% cd 
 2 Westlake 332 564 896 37.1% 1.6% 34.0% 40.3% bc 
 3 Eastlake 481 317 798 60.3% 1.7% 56.8% 63.6% ef 
 3 Ontario 147 114 261 56.3% 3.1% 50.3% 62.2% e 
 3 Westlake 165 198 363 45.5% 2.6% 40.4% 50.6% d 
 4 Eastlake 22 7 29 75.0% 8.0% 57.6% 88.0% fg 
 4 Ontario 8 2 10 77.3% 13.3% 47.9% 95.4% efg 
 4 Westlake 7 0 7 93.8% 9.1% 59.6% 105.0% g 
2010 1 Eastlake 150 173 323 46.5% 2.8% 41.1% 51.9% b 
 1 Ontario 73 49 122 59.8% 4.4% 51.0% 68.1% cde 
 1 Westlake 84 145 229 36.7% 3.2% 30.7% 43.1% a 
 2 Eastlake 1317 810 2127 61.9% 1.1% 59.8% 64.0% d 
 2 Ontario 263 176 439 59.9% 2.3% 55.3% 64.4% d 
 2 Westlake 499 484 983 50.8% 1.6% 47.6% 53.9% bc 
 3 Eastlake 937 293 1230 76.2% 1.2% 73.7% 78.5% f 
 3 Ontario 288 118 406 70.9% 2.3% 66.3% 75.1% ef 
 3 Westlake 277 157 434 63.8% 2.3% 59.2% 68.2% de 
 4 Eastlake 14 7 21 65.9% 10.3% 45.2% 83.0% bcdef 
 4 Ontario 1 4 5 25.0% 19.4% 2.0% 64.0% abcd 
 4 Westlake 6 8 14 43.3% 13.2% 21.3% 67.4% abcde 
2011 1 Eastlake 37 139 176 21.2% 3.1% 15.6% 27.7% a 
 1 Ontario 61 116 177 34.6% 3.6% 27.9% 41.7% b 
 1 Westlake 33 95 128 26.0% 3.9% 19.0% 34.0% ab 
 2 Eastlake 216 379 595 36.3% 2.0% 32.5% 40.2% b 
 2 Ontario 104 79 183 56.8% 3.7% 49.6% 63.8% c 
 2 Westlake 144 347 491 29.4% 2.1% 25.5% 33.5% ab 
 3 Eastlake 314 612 926 33.9% 1.6% 30.9% 37.0% b 
 3 Ontario 24 19 43 55.7% 7.6% 41.1% 69.6% c 
 3 Westlake 136 302 438 31.1% 2.2% 26.9% 35.5% b 
 4 Eastlake 2 3 5 41.7% 22.0% 11.6% 77.1% abc 
 4 Westlake 3 3 6 50.0% 20.4% 18.8% 81.2% abc 
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APPENDIX 4. 2. Estimated percentage of wild Chinook Salmon in NY West and NY East tributaries and 
the Salmon River at ages 1-4 for the 2008-2011 cohorts.  Pairwise comparisons were made within the 
same cohort, and those groups with different letters were significantly different. P-values were adjusted 
using a Bonferroni method for false discovery rate. 
Year Class Age Region Hatchery Wild Total % Wild lower CL upper CL Group 
2008 1 Salmon River 17 8 25 32.0% 17.1% 51.7% bcd 
 2 NY West 167 35 202 17.3% 12.7% 23.2% b 
 2 NY East  25 9 34 26.5% 14.4% 43.3% bc 
 2 Salmon River 79 96 175 54.9% 47.5% 62.0% d 
 3 NY West 146 6 152 3.9% 1.6% 8.5% a 
 3 NY East  46 5 51 9.8% 3.8% 21.4% ab 
 3 Salmon River 141 62 203 30.5% 24.6% 37.2% c 
 4 NY West 13 0 13 0.0% -3.8% 26.6% a 
 4 NY East  9 4 13 30.8% 12.4% 58.0% abcd 
 4 Salmon River 0 16 16 100.0% 77.3% 103.3% e 
2009 1 NY West 137 16 153 10.5% 6.4% 16.4% bc 
 1 NY East  47 4 51 7.8% 2.6% 19.0% abc 
 1 Salmon River 48 48 96 50.0% 40.2% 59.8% e 
 2 NY West 565 18 583 3.1% 1.9% 4.9% a 
 2 NY East  209 12 221 5.4% 3.0% 9.3% ab 
 2 Salmon River 174 135 309 43.7% 38.3% 49.3% e 
 3 NY West 466 22 488 4.5% 3.0% 6.8% a 
 3 NY East  255 89 344 25.9% 21.5% 30.8% d 
 3 Salmon River 194 359 553 64.9% 60.8% 68.8% f 
 4 NY West 3 3 6 50.0% 18.8% 81.2% cdef 
 4 NY East  3 6 9 66.7% 35.1% 88.3% ef 
 4 Salmon River 4 18 22 81.8% 60.9% 93.3% f 
2010 1 NY West 89 8 97 8.2% 4.0% 15.7% a 
 1 NY East  20 5 25 20.0% 8.4% 39.6% ab 
 1 Salmon River 20 59 79 74.7% 64.0% 83.0% de 
 2 NY West 701 36 737 4.9% 3.5% 6.7% a 
 2 NY East  576 150 726 20.7% 17.9% 23.8% b 
 2 Salmon River 216 561 777 72.2% 68.9% 75.2% d 
 3 NY West 757 57 814 7.0% 5.4% 9.0% a 
 3 NY East  546 109 655 16.6% 14.0% 19.7% b 
 3 Salmon River 139 528 667 79.2% 75.9% 82.1% e 
 4 NY West 20 3 23 13.0% 3.7% 33.0% ab 
 4 NY East  7 3 10 30.0% 10.3% 60.8% abc 
 4 Salmon River 2 5 7 71.4% 35.2% 92.4% cde 
2011 1 NY West 31 2 33 6.1% 0.7% 20.6% ab 
 1 NY East  30 2 32 6.3% 0.7% 21.2% ab 
 1 Salmon River 2 1 3 33.3% 5.6% 79.8% abcde 
 2 NY West 711 48 759 6.3% 4.8% 8.3% a 
 2 NY East  522 75 597 12.6% 10.1% 15.5% b 
 2 Salmon River 68 132 200 66.0% 59.2% 72.2% de 
 3 NY West 1438 61 1499 4.1% 3.2% 5.2% a 
 3 NY East  687 88 775 11.4% 9.3% 13.8% b 
 3 Salmon River 118 101 219 46.1% 39.6% 52.7% c 
 4 NY West 15 5 20 25.0% 10.8% 47.2% abc 
 4 NY East  4 1 5 20.0% 2.0% 64.0% abcd 





APPENDIX 4. 3. Results of GLM testing for significant effects of year class, origin (wild, hatchery), 
month and age on mean length of Chinook Salmon observed in the Lake Ontario harvest 2008 and 2009 
YCs (ANOVA Type 3 SS, adjusted for heteroscedasticity using white adjust=hc3, Fox and Weisberg 
2019).  
Term Sum Squares df F P Sig 
Year class 2.94E+10 1 14.01 0.0002 ** 
Origin 3.72E+10 1 17.69 <0.0001 *** 
Month 2.65E+11 3 42.07 <0.0001 *** 
Age 4.09E+11 1 194.44 <0.0001 *** 
Year class: Origin 2.08E+06 1 0.00 0.9749  
Year class: Month 1.08E+10 3 1.71 0.1621  
Origin: Month 2.20E+10 3 3.50 0.0149 ** 
Year class: Age 8.96E+08 1 0.43 0.5137  
Origin: Age 8.21E+09 1 3.91 0.0481 * 
Month: Age 2.85E+10 3 4.52 0.0036 ** 
Year class: Origin: Month 2.86E+10 3 4.54 0.0035 ** 
Year class: Origin: Age 2.16E+08 1 0.10 0.7487  
Year class: Month: Age 1.56E+09 3 0.25 0.8630  
Origin: Month: Age 1.26E+10 3 1.99 0.1126  
Year class: Origin: Month: Age 1.94E+10 3 3.09 0.0261 * 





APPENDIX 4. 4. Results of GLM testing for significant effects of year class, origin (wild, pen and 
direct), month and age on mean length of Chinook Salmon observed in the Lake Ontario harvest 2010 and 
2011 YCs (ANOVA Type 3 SS, adjusted for heteroscedasticity using white adjust=hc3, Fox and 
Weisberg 2019).  
 
Term df F Statistic P Sig. 
Year class 1 128.5 <0.0001 *** 
Origin 2 8.9 0.00013 ** 
Month 1 2615.2 <0.0001 **** 
Age 3 204.8 <0.0001 **** 
Year class: Origin 2 1.7 0.1764  
Year class: Month 1 104.8 <0.0001 **** 
Origin: Month 2 3.8 0.0220 * 
Year class: Age 3 1.5 0.2035  
Origin: Age 6 10.9 <0.0001 **** 
Month: Age 3 36.9 <0.0001 **** 
Year class: Origin: Month 2 25.8 <0.0001 **** 
Year class: Origin: Age 6 0.8 0.5953  
Year class: Month: Age 3 1.7 0.1636  
Origin: Month: Age 6 1.7 0.1177  
Year class: Origin: Month: Age 6 2.1 0.0498 * 





APPENDIX 4. 5. Estimated marginal mean lengths (mm) of wild and hatchery Chinook Salmon in Lake 
Ontario from the 2008 and 2009 year-classes.  Pairwise comparisons were made within the same month 
and age, and those groups with different numbers were significantly different at alpha = 0.05. P-values 
were adjusted using Sidak’s method for comparing a family of 3 estimates. 
Cohort Origin Age Month Mean Length SE lower.CL upper.CL Group N 
Wild 2008 2 7 733.4 9.9 711.4 755.5 1 63 
Hatchery 2008 2 7 785.4 8.0 767.4 803.4 2 48 
Wild 2008 2 8 817.0 7.7 799.7 834.3 1 120 
Hatchery 2008 2 8 838.7 5.5 826.4 850.9 2 63 
Wild 2008 2 9 817.7 7.4 801.1 834.2 1 86 
Hatchery 2008 2 9 864.3 6.3 850.3 878.3 2 69 
Wild 2008 2 10 861.0 6.4 846.8 875.3 1 228 
Hatchery 2008 2 10 875.3 3.8 866.8 883.8 1 84 
Wild 2008 3 7 911.1 7.7 893.8 928.4 1 69 
Hatchery 2008 3 7 924.6 6.5 909.9 939.2 1 51 
Wild 2008 3 8 934.6 7.5 917.8 951.5 1 96 
Hatchery 2008 3 8 946.9 5.4 934.8 959.0 1 51 
Wild 2008 3 9 945.8 7.5 929.0 962.6 1 78 
Hatchery 2008 3 9 967.0 5.9 953.9 980.2 2 50 
Wild 2008 3 10 944.9 8.1 926.8 963.1 1 279 
Hatchery 2008 3 10 966.7 3.1 959.7 973.6 2 43 
Wild 2009 2 7 766.5 3.6 758.5 774.6 1 430 
Hatchery 2009 2 7 816.5 3.0 809.9 823.2 2 331 
Wild 2009 2 8 811.7 4.2 802.4 821.0 1 488 
Hatchery 2009 2 8 850.4 2.7 844.4 856.4 2 222 
Wild 2009 2 9 868.5 5.2 857.0 880.1 1 384 
Hatchery 2009 2 9 874.1 2.9 867.6 880.7 1 126 
Wild 2009 2 10 878.8 5.9 865.6 892.1 1 746 
Hatchery 2009 2 10 885.5 2.1 880.8 890.1 1 93 
Wild 2009 3 7 949.6 4.2 940.3 958.9 1 125 
Hatchery 2009 3 7 957.2 4.7 946.7 967.7 1 161 
Wild 2009 3 8 954.8 3.2 947.8 961.9 1 210 
Hatchery 2009 3 8 966.4 3.6 958.3 974.4 2 279 
Wild 2009 3 9 948.7 2.7 942.5 954.8 1 318 
Hatchery 2009 3 9 974.4 2.9 967.9 980.8 2 372 
Wild 2009 3 10 967.4 4.1 958.1 976.6 1 665 





APPENDIX 4. 6. Estimated marginal mean lengths (mm) of wild and hatchery pen and direct-stocked 
Chinook Salmon in Lake Ontario from the 2010 and 2011 year-classes.  Pairwise comparisons were made 
within the same month and age, and those groups with different numbers were significantly different at 
alpha = 0.05. P-values were adjusted using Sidak’s method for comparing a family of 3 estimates.  
Cohort Origin Age Month Mean Length SE lower.CL upper.CL N Group 
2010 Wild 2 7 775.3 2.9 768.2 782.3 486 1 
2010 Pen 2 7 818.5 7.0 801.5 835.1 77 2 
2010 Direct 2 7 820.3 10.0 796.1 843.8 38 2 
2010 Wild 2 8 817.5 2.2 812.2 822.7 781 1 
2010 Pen 2 8 847.4 5.3 834.7 859.8 128 2 
2010 Direct 2 8 843.1 7.3 825.6 860.2 68 2 
2010 Wild 2 9 875.1 2.5 869.1 881.2 517 1 
2010 Pen 2 9 876.3 5.2 863.9 888.5 125 1 
2010 Direct 2 9 880.8 7.0 863.9 897.3 67 1 
2010 Wild 2 10 877.0 3.0 869.9 884.1 372 1 
2010 Pen 2 10 888.6 3.0 881.3 895.8 332 2 
2010 Direct 2 10 876.9 4.1 867.1 886.6 185 12 
2010 Wild 3 7 941.9 2.8 935.3 948.5 376 1 
2010 Pen 3 7 931.5 10.6 905.7 956.5 26 1 
2010 Direct 3 7 933.4 15.0 896.8 968.6 13 1 
2010 Wild 3 8 965.0 2.2 959.8 970.1 588 1 
2010 Pen 3 8 955.6 7.8 936.8 974.1 46 1 
2010 Direct 3 8 956.6 7.5 938.4 974.4 49 1 
2010 Wild 3 9 969.9 2.4 964.1 975.7 454 1 
2010 Pen 3 9 975.7 5.4 962.7 988.5 92 1 
2010 Direct 3 9 973.1 6.4 957.6 988.4 65 1 
2010 Wild 3 10 970.3 2.4 964.4 976.1 440 1 
2010 Pen 3 10 962.3 2.8 955.5 969.0 304 1 
2010 Direct 3 10 961.5 3.2 954.0 969.1 219 1 
2011 Wild 2 7 792.9 5.8 779.0 806.6 121 1 
2011 Pen 2 7 815.7 6.9 799.0 832.0 80 2 
2011 Direct 2 7 776.8 13.0 745.1 807.2 25 1 
2011 Wild 2 8 831.5 4.7 820.1 842.7 164 1 
2011 Pen 2 8 846.9 6.8 830.6 863.0 77 1 
2011 Direct 2 8 835.1 10.2 810.4 859.2 35 1 
2011 Wild 2 9 889.1 7.3 871.4 906.4 60 1 
2011 Pen 2 9 869.7 5.6 856.1 883.0 106 1 
2011 Direct 2 9 870.0 9.4 847.2 892.2 38 1 
2011 Wild 2 10 888.0 5.9 873.9 901.9 83 1 
2011 Pen 2 10 882.9 2.3 877.3 888.5 522 1 
2011 Direct 2 10 877.1 4.4 866.6 887.5 144 1 
2011 Wild 3 7 903.5 4.4 893.0 914.0 162 1 
2011 Pen 3 7 915.8 7.2 898.4 933.0 58 1 
2011 Direct 3 7 916.3 10.8 890.1 941.7 26 1 
2011 Wild 3 8 897.4 6.2 882.4 912.2 81 1 
2011 Pen 3 8 932.5 4.9 920.8 944.1 123 2 
2011 Direct 3 8 925.8 7.2 908.4 942.9 57 2 
2011 Wild 3 9 928.5 5.4 915.4 941.4 100 1 
2011 Pen 3 9 930.7 3.6 922.0 939.3 223 1 
2011 Direct 3 9 931.6 5.0 919.6 943.5 117 1 
2011 Wild 3 10 934.3 3.6 925.7 942.8 224 12 
2011 Pen 3 10 939.4 1.8 935.2 943.6 893 2 








Year Class Origin term estimate SE statistic P Value 95 CI low 95 CI high 
2008 Hatchery K 0.16889 0.01629 10.366 9.39E-24 0.123 0.212 
2008 Hatchery Linf 980.17 5.76 170.22 0 968.16 999.65 
2008 Hatchery Lr 871.83 3.64 239.70 0 862.85 880.48 
2008 Wild K 0.16262 0.01733 9.382 1.43E-19 0.114 0.212 
2008 Wild Linf 968.68 7.73 125.24 0 952.09 995.01 
2008 Wild Lr 838.46 4.76 176.12 0 826.53 850.38 
2009 Hatchery K 0.06265 0.00159 39.308 1.3E-280 0.060 0.066 
2009 Hatchery Linf 1078.60 6.43 167.62 0 1066.45 1091.76 
2009 Hatchery Lr 872.63 1.16 750.33 0 870.35 874.91 
2009 Wild K 0.03824 0.00228 16.771 1.8E-59 0.034 0.043 
2009 Wild Linf 1224.79 23.96 51.12 0 1183.65 1275.70 
2009 Wild Lr 827.74 1.95 424.27 0 823.98 831.51 
2010 Direct K 0.09105 0.00383 23.750 1.07E-96 0.084 0.099 
2010 Direct Linf 1002.94 6.72 149.29 0 990.58 1016.68 
2010 Direct Lr 873.25 2.60 336.36 0 868.18 878.29 
2010 Hatchery K 0.08742 0.00274 31.932 4.2E-177 0.082 0.093 
2010 Hatchery Linf 1014.93 5.86 173.14 0 1004.18 1026.51 
2010 Hatchery Lr 879.21 1.76 498.77 0 875.78 882.62 
2010 Pen K 0.09193 0.00321 28.629 1.6E-142 0.086 0.098 
2010 Pen Linf 1002.25 5.95 168.33 0 991.31 1014.12 
2010 Pen Lr 876.09 2.01 435.22 0 872.18 879.99 
2010 Wild K 0.05956 0.00168 35.508 1.6E-246 0.056 0.063 
2010 Wild Linf 1091.24 7.51 145.27 0 1077.78 1105.96 
2010 Wild Lr 848.78 1.18 716.48 0 846.49 851.06 
2011 Direct K 0.10174 0.00469 21.696 3.1E-85 0.093 0.111 
2011 Direct Linf 957.75 5.30 180.83 0 948.19 968.53 
2011 Direct Lr 857.66 2.87 298.59 0 852.11 863.17 
2011 Hatchery K 0.08384 0.00267 31.435 6.6E-182 0.079 0.089 
2011 Hatchery Linf 987.97 4.99 198.09 0 978.74 998.15 
2011 Hatchery Lr 851.70 1.84 461.93 0 848.10 855.28 
2011 Pen K 0.10813 0.00297 36.411 3.2E-231 0.103 0.114 
2011 Pen Linf 959.54 3.09 310.23 0 953.75 965.71 
2011 Pen Lr 870.96 1.68 518.02 0 867.70 874.22 
2011 Wild K 0.10997 0.00575 19.120 2.92E-75 0.099 0.121 
2011 Wild Linf 909.52 4.13 219.96 0 902.11 917.98 
2011 Wild Lr 843.61 2.50 337.28 0 838.78 848.39 
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APPENDIX 4.8. Results of logistic regression analysis predicting probability of maturity as a function of 
length, and stocking origin. 













50.37 2.65 -18.99 <0.0001 -55.84 -45.42 0.00 0.00 0.00 0.00 
Length 0.06 0.003 18.99 <0.0001 0.06 0.07 1.06 1.06 1.07 0.52 
Origin 
Direct -0.11 0.32 -0.35 0.72 -0.74 0.51 0.89 0.48 1.66 0.47 






 APPENDIX FIGURE 4. 1. Size of age-0 wild and hatchery Chinook Salmon in May and June. 
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APPENDIX FIGURE 4.2. Von Bertalanfy growth model predicted size at age (in months) for wild, 
hatchery (2008-2009 YC), pen or direct-stocked (2010- 2011) Chinook Salmon in Lake Ontario. See 








APPENDIX FIGURE 4.3. Von Bertalanfy growth model predicted size at age (in months) vs observed 
mean size at age for wild, hatchery (2008-2009 YC), pen or direct-stocked (2010- 2011) Chinook Salmon 







CHAPTER 5. STRAYING OF PEN-ACCLIMATED AND DIRECT-STOCKED FALL CHINOOK 
SALMON AND THE POTENTIAL FOR LOCAL ADAPTATION IN LAKE ONTARIO  
 
ABSTRACT 
Straying is a frequently studied, fundamental life history characteristic of Chinook Salmon, yet previous 
estimates of hatchery salmon straying rates and comparisons among stocking methods, locations, or life 
stages rarely account for the relative survival of donor and recipient populations. Pen-acclimation is a 
stocking method that can increase survival while decreasing straying of salmon to rearing hatcheries and 
other tributaries than where they were released. The degree that Chinook Salmon stray or home to their 
rearing hatchery or to other stocking sites in Lake Ontario and the inter-annual or among-site variability 
was previously unknown.  In this paper, we compared straying by pen-acclimated and direct-stocked 
Chinook Salmon to their rearing hatchery and among tributaries while accounting for differential lake-
survival. In 15 of 23 cases evaluated, pen-acclimated Chinook Salmon strayed significantly less to their 
rearing hatchery than direct-stocked salmon after accounting for relative survival. Stocking method was not 
a significant factor affecting straying rates among tributaries suggesting that salmon released by both 
methods experienced similar levels of incomplete imprinting at release sites. Larger stocking size and later 
release date of subyearlings increased the probability of straying by 3% and 6% per unit increase in length, 
respectively, and males strayed more frequently than females. Straying occurred mostly to nearby 
tributaries in Lake Ontario and rates were similar to those of hatchery Chinook Salmon reported elsewhere 
in native Pacific drainages, averaging 6.8% (range 0.1-23.9%) among eight sites and three year-classes 
studied, and 11% to the rearing hatchery.  Although mean straying rates were similar to other studies, we 
conclude that the potential for local adaptation to in Lake Ontario tributaries is currently low based on the 
extent of straying and current stocking throughout the lake.  Pen-acclimation was an effective method for 
increasing survival and reducing straying to the rearing hatchery in Lake Ontario. This study emphasizes 
the importance of accounting for potential survival differences and the relative sizes of donor and recipient 
populations when estimating straying rates of salmon and trout. 
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INTRODUCTION 
Straying, and its converse homing are essential life history characteristics of anadromous salmon 
and trout (Quinn 2005). Homing ensures finding mates, suitable spawning habitat, and locally adapted 
populations with specific reproductive traits (Quinn et al. 2000; Hendry et al. 2000). Straying is important 
for reducing competition at spawning sites, for buffering against catastrophic events that impact natal 
spawning habitat (Leider 1989), and for colonizing new habitats (Anderson et al. 2014). Straying by 
hatchery salmon can have harmful effects by increasing competition with wild populations or by reducing 
fitness through introgression (Naish et al. 2007; Waples 2011; Rand et al. 2012). The degree of straying 
differs among species, life history types, and populations of salmonids with Chinook Salmon (Oncorynchus 
tshawystcha) generally straying more than coho salmon (O. kisutch) and rainbow trout (O. mykiss), and 
“ocean-type” (subyearling migrants) Chinook Salmon straying more than “stream-type” (yearling migrants) 
Chinook Salmon (Westley et al. 2013).   
Most straying rate estimates have been derived from studies of hatchery fish, and hatchery practices 
can clearly influence straying rates (Sturrock et al. 2019). Hatchery managers typically try to increase 
survival of stocked salmonids while maximizing imprinting at stocking sites in order to supplement local 
fisheries while reducing straying rates; however, balancing these two objectives can be difficult. Among 
other factors, the degree of imprinting to transplantation sites by hatchery salmonids (and ultimately 
straying by adults) depends upon the release timing from hatcheries relative to parr-smolt transformation, 
an especially important period associated with imprinting (Keefer & Caudill 2014). Hatchery salmonids 
transplanted as pre-smolts have more opportunity for imprinting to release sites because they have more 
time to undergo the physiological and neurological changes necessary for more complete imprinting. 
Conversely salmonids held at rearing hatcheries longer may undergo parr-smolt transformation and 
imprinting to the hatchery, or may experience some level of interrupted imprinting (sensu Keefer and 
Caudill 2014) that decreases the precision of homing overall  (Pascual & Quinn 1994). Salmonids held in 
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stable hatchery environments fed by well water also may not experience the requisite changes in hormone 
levels to the same degree as wild conspecifics (Dittman et al. 2015), which can also impact imprinting and 
increase straying. Even those that experience adequate stimulus and physiological changes, may not imprint 
as well if they do not experience navigational cues during emigration from natal sites (Harden Jones 1968; 
Hasler & Scholz 1983; Bett & Hinch 2016). Straying may also increase when salmonids of hatchery origin 
are released away from their natal hatchery, and when released at greater distances from the hatchery  
(Candy & Beacham 2000; Lasko et al. 2015). Nonetheless, salmonids released 100 km or more from their 
rearing site may still return to the hatchery (Ebel 1980).  
Pen-acclimation of “ocean-type” hatchery Chinook Salmon can be an effective technique for 
increasing survival and maintaining or enhancing imprinting to transplantation sites if stocking is 
appropriately timed with parr-smolt transformation (Johnson et al. 2007; Rosenberger et al. 2013; Poirier 
& Olson 2017), however results are more equivocal when subyearling parr-smolts are released later (Clarke 
et al. 2016) or when stream-type Chinook Salmon are released as yearlings at transplantation sites (Appleby 
et al.  2002). Pen-acclimation hypothetically allows parr to be moved from the rearing hatchery to 
transplantation sites prior to parr-smolt transformation (e.g., (Negus 2003) and held throughout this period 
for imprinting to the release site while achieving a larger size that can improve survival (Figure 1). When 
Chinook Salmon are held in the hatchery after parr-smolt transformation begins, and then transplanted to 
sites, a greater proportion may imprint to the rearing hatchery (Pascual & Quinn 1994). Some proportion 
may also experience interrupted imprinting, which can lead to increased straying by returning adults to the 
hatchery or to other tributaries. Some proportion may also undergo incomplete imprinting (sensu Keefer 
and Caudill 2014) to stocking sites regardless of release method depending on timing of release and the 
speed of emigration from tributaries (e.g., Figure 1C and 1D). When released farther downstream, salmon 
may also emigrate more quickly from stocking sites, leading to imprinting to nearby or distant tributaries 
(Hamann & Kennedy 2012). These complex interactions between intrinsic factors affecting parr-smolt 
transformation (Ueda 2019), stocking timing, location, and speed of emigration away from release sites can 
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all determine the degree of imprinting by hatchery sub-yearling Chinook Salmon to stocking sites, and 
conversely the degree of straying by adults to nearby or distant tributaries, or to rearing hatcheries.  
Most straying research has focused on estimating straying from source populations to hatcheries or 
among tributaries and less frequently quantified straying to recipient populations (Schick & Lindley 2007; 
Bett et al. 2017). When doing so, the size of the source populations, the degree of straying (by rate or total 
numbers) and the size of the receiving population requires consideration (Quinn 2005; Keefer & Caudill 
2014).  Straying rates from populations can be relatively low (typically less than 10%, Quinn 1993) 
depending on the species, life history type (e.g., ocean or stream type Chinook Salmon) and migration 
distance from spawning areas (Westley et al. 2013). Even so straying from large populations or large 
supplementation hatchery plantings have the potential for swamping adjacent small recipient populations 
(Brenner et al. 2012; Keefer & Caudill 2014; Bett et al. 2017). Conversely, relatively high straying rates 
from small populations or hatchery plantings may have limited impact on large recipient populations (Bett 
et al 2017).  Few studies have simultaneously quantified straying by source and recipient populations 
(Keefer & Caudill 2014). 
One factor in determining the size of source and the receiving populations can be survival (Unwin 
et al. 2003; Clarke et al. 2016), which may also influence conclusions in experimental straying studies with 
hatchery fish.  Straying studies frequently compare outcomes of stocking treatments by evaluating straying 
to rearing hatcheries (e.g., Westly et al 2013), yet they have rarely accounted for the potential survival 
differences between treatments influencing straying rate estimates in these comparisons, or the relative 
survival of homing brood fish returning to  the hatchery against which straying fish are sometimes compared 
to derive straying rate estimates.  A better understanding of straying and homing is limited by the precision 
of tagging studies to identify natal sources, a lack of representative sampling of natal sources and 
destinations, and survival differences between straying and homing fish (Secor 2015). When estimating 
straying rates from source to recipient populations, paired comparisons of straying that assume equal 
survival when assessing relative straying of treatments may introduce error in straying rate estimates. In 
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this paper we estimate straying rates by accounting for the relative survival of stray and recipient 
populations and propose methods for linking source and recipient populations. 
Pen-acclimation of fall-run subyearling Chinook Salmon has been used by Lake Ontario fisheries managers 
since 1998 to increase survival and imprinting at eight transplantation sites in New York. Recent research 
suggested that Chinook Salmon released from acclimation pens survived twice as well as salmon stocked 
directly from the hatchery, and after accounting for survival differences, returns of adult penned salmon 
were also significantly higher in tributaries indicating improved imprinting to release sites (Connerton et 
al. 2017, Chapter 2 this dissertation).  However, the degree that pen-acclimated or direct-stocked salmon 
stray or home to their rearing hatchery or to other stocking sites in Lake Ontario and the inter-annual or 
among-site variability was previously unknown. This study was designed to test the hypothesis that stocking 
timing would influence straying by subyearling Chinook Salmon. Our prediction was that direct 
transplanted Chinook Salmon would stray more to the rearing hatchery and among tributaries than pen-
acclimated salmon. Our objectives were: 1) to compare the straying of pen and direct-stocked salmon from 
release sites to their rearing hatchery and among tributaries, and the straying rates of fish released directly 
from the hatchery; 2) to estimate straying rates to and from release locations in Lake Ontario compared 
with straying rates in native ranges and 3) to explore the differences in rates assuming equal survival with 
those considering differential survival. We also consider the degree of straying from release sites (source) 
and to capture locations (recipient) and the potential for local adaptation of introduced Chinook Salmon to 




Marking and tagging were completed with the Autofish system (Northwest Marine Technology 
Inc.). This system has been used extensively in the Pacific Northwest (Nandor et al. 2010) and more recently 
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in the Great Lakes (Bronte et al. 2010) and is capable of clipping the adipose (AD) fin and/or applying 
coded-wire-tags (CWT) to salmon and trout automatically at a high rate of speed and accuracy.  
This study was conducted in two stages. Stage one was designed to determine the degree of homing 
and straying to the Salmon River Hatchery (SRH) by all New York stocked Chinook Salmon regardless of 
stocking method (2008-2010 year-classes [YCs]. The 2nd stage was designed to compare the relative 
survival and imprinting of pen-acclimated and direct-stocked Chinook Salmon (Chapter 2), along with 
comparing straying to the hatchery and to other tributaries (2010-2013 YCs).  In addition, all NY and 
Province of Ontario (ON) stocked Chinook Salmon were AD clipped from 2008-2011 to determine the 
level of wild Chinook Salmon reproduction in Lake Ontario (Chapter 4 of this dissertation). 
 To determine the degree of homing by fish stocked at Salmon River, and to estimate straying rates 
to the SRH by Chinook Salmon stocked elsewhere, fish stocked at the Salmon River received AD clips and 
CWTs from 2008-2010. Fish stocked at other stocking sites in NY and ON were marked with an AD clip 
only or an AD clip and unique coded-wire-tag (Table 1). Despite stocking reductions by New York in 2008 
(by 50%) and in 2010 (by 12%), stocking levels at Salmon River were maintained in those years at about 
350,000 fish to ensure adequate future adult returns to the hatchery (Table 1). Chinook Salmon released at 
Salmon River (hereafter referred to as “broodfish”) were held at the hatchery each year until mid-June and 
released at the mouth of the Salmon River at larger sizes (2008: 12 June, M= 7.1 g, 90 mm; 2009: 22 June, 
M=7.6 g, 92 mm; 2010: June 16, M=8.1 g, 94 mm) than fish stocked into pens in April and released in May 
(2008: April 25-May 22, M=5.1 g, 81 mm; 2009: May 6-14, M=5.6 g, 84 mm; 2010: May 5-17, M=6.3 g, 
87 mm) or released directly into tributaries in May (2008: May 13-22, M=4.0 g, 75 mm; 2009: May 4-21, 
M=4.1 g, 75 mm; 2010: May 5-14, M=4.4 g., 76 mm). Throughout the study a proportion of the fish at other 
stocking sites in ON also received uniquely numbered CWTs for evaluations of other stocking strategies 
including homing and straying to the Credit River, Ontario and evaluations of shore and tributary stocking 
in Ontario (Table 1). Results of those studies are detailed elsewhere (Ontario Ministry of Natural Resources 
2013).   
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To compare straying by pen-acclimated and direct-stocked Chinook Salmon to the SRH, fish were 
AD clipped and tagged with unique CWTs at each of eight pen-acclimation and direct stocking sites in 
2010, 2011, and 2013 (Table 2, Figure 2). Details were previously described by Connerton et al. (2015, 
2016, 2017) and in Chapter 2 of this dissertation. Briefly, we designed the study so that the initial numbers 
of marked fish between treatments were approximately 1:1 to minimize recapture sample size requirements 
(Elrod & Frank 1990), and to maintain consistency with usual hatchery practices and stocking allocations. 
Approximate numbers of marked fish for all New York sites are provided in Table 2, but actual stocking 
numbers varied slightly, and estimated numbers of tagged fish are provided in Table 5.  In 2013, 
temperatures at the Sandy Creek pen site were too warm, so fish were not stocked into pens and no fish 
were clipped or tagged for this site (Table 1). At Oswego in 2013, AD-CWT fish in pens were released 
three days after being stocked into pens because of warm temperatures. Chinook Salmon were transferred 
to pen-acclimation sites in mid to late April and held for a period of about 21 days and released on or about 
the same date (mean difference=3.5 days) that direct-stocked parr-smolts were transplanted to the release 
site, which was usually within a few hundred meters of pen release sites. Pen-acclimated salmon in this 
study were transferred from the hatchery to holding pens at mean average sizes of 71mm (3.5g) and held 
for three weeks until they reached a mean size of 86 mm (6.1g).  Conversely, direct-stocked Chinook 
Salmon were transplanted to sites three weeks after pen fish and released at a mean size of 77mm (4.3g, 
Figure 3, Appendix Table 5.1).   
 
Marking Quality Control 
To estimate CWT retention for this study and to check clip quality each year, samples of 100 
Chinook Salmon juveniles per tank at SRH and per release at stocking sites were checked for an AD clip 
and a CWT from 21- 30 days post-tagging and prior to stocking using a portable CWT detector 
(Blankenship 1990, Hand et al. 2010). Since not all fish at all sites were tagged (Table 2), the percentages 
of tagged fish at sites containing AD only marked fish were compared against expected percentages 




Salmon River Hatchery Sampling 
To determine the degree of homing and straying to the SRH, samples of adult Chinook Salmon 
were checked for an AD clip and CWT as they entered the SRH during egg-take operations in October of 
2009-2017.  Chinook Salmon were randomly sampled as part of annual monitoring of growth and condition 
from 2009-2017 (Prindle & Bishop 2018). Some additional adipose-clipped Chinook were also sorted 
annually at SRH or immediately downstream of the hatchery from 2012-2016 and checked for the presence 
of a CWT to increase sample size for comparing strays of pen-reared and direct-stocked salmon from 
individual sites, and for evaluating the percent composition of strays at the hatchery from all sites. Ages of 
untagged salmon were determined from impressions of fish scales on acetate film, and counting annuli 
using 2x-10x magnification.   Chinook Salmon smolts released at Salmon River hatchery were tagged with 
“agency” wire tags from 2008-2010 (all code #23) therefore these were also aged using scale impressions. 
For the purposes of the homing/straying study, AD clipped salmon without tags from the 2008-2010 year-
classes returning to the hatchery were strays from other stocking sites and these were counted from 2009-
2014. Since tagging of pen and direct salmon occurred in 2010, 2011, and 2013, the stocking origins of 
strays returning to the hatchery were identified by unique CWT codes in 2011-2017.   For all sampling from 
2009-2017, snouts were collected from all fish containing CWTs, and CWTs were extracted and read at 
U.S Fish and Wildlife Service Great Lakes marking lab in Green Bay, Wisconsin.  
 
Field Sampling 
To estimate relative survival of Chinook Salmon, angler harvested fish were sampled as part of the 
New York Lake Ontario Fishing Boat Survey, which conducted stratified random sampling of low, medium, 
and higher effort channels from April - September in each year of the study (Lantry & Eckert 2017).  An 
additional 2-4 technicians were deployed specifically to process Chinook Salmon for clip and CWT 
recovery during the lake and tributary angling seasons.  Their efforts focused on high-use angling ports, 
fishing derbies, cleaning stations, and pen evaluation sites. To compare straying by pen and direct Chinook 
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Salmon among tributaries (2010-11, 2013 YCs), Chinook Salmon were sampled during fall tributary fishing 
(Sept. 15-Nov. 5, 2010-2016)). Technicians were assigned to visit each pen site tributary at least 15 days 
during the spawning run. Recovery efforts focused on major tributaries and pen evaluation sites in New 
York including the Niagara River, Eighteenmile Creek, Oak Orchard Creek, Sandy Creek, and Genesee 
River in the western region, and Maxwell Creek, Sodus Bay tributaries (Sodus Creek and Second Creek), 
Sterling Creek, Oswego River, South Sandy Creek and Salmon River in the east (Figure 2).  Other smaller 
tributaries were also sampled either directly by technicians or indirectly via angler harvest. Since most fish 
were sampled from fish cleaning stations, anglers were asked where their fish were caught to identify and 
record capture locations.  Recovery efforts also included walking streams to sample anglers’ harvest, 
sampling salmon carcasses in the streams (2012-2016), and electrofishing some streams (2013-2016).  All 
Chinook Salmon sampled were measured for length, checked for clips and scanned for the presence of a 
CWT. Also, in 2011-2016, freezers were placed at six locations along the lake for cooperating anglers to 
place Chinook Salmon heads.  All snouts with CWTs were sent to the U.S. Fish and Wildlife Service’s 
Great Lakes Fish Tag and Recovery Laboratory in New Franken, WI for processing.  
 
Data Analyses   
Straying and Homing to the Salmon River and Hatchery  
Our initial study focused on determining the degree of straying by Chinook Salmon transplanted 
from the SRH to other stocking sites. We defined strays as fish returning to locations other than where they 
were released and homing fish as those returning to the locations where they were released whether at the 
hatchery (broodfish) or at pen and direct transplantation sites. We assumed that strays were “true strays” 
(vs. temporary strays) since the SRH is at least 40 km from the nearest release site and fish entering the 
hatchery are terminal.  To estimate straying of mature fish to the Salmon River and the SRH, the numbers 
of strays from other sites and Salmon River brood homing fish returning to the River and Hatchery in the 
fall of each year were tabulated for each year-class (i.e., 2008-2010 YCs) from 2009-2014. Salmon River 
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broodfish were identified by their unique CWT code (i.e., CWT #23 for Chinook Salmon stocked at the 
mouth of the Salmon River). Fish stocked at other sites (i.e., strays) were identified either by the presence 
of AD clip only (2008-2010 YCs) or by an AD clip and the CWT code used at another site (i.e., all codes 
other than 23) and assigned to the appropriate year-class based on their age.  
Salmon River broodfish were tagged from 2008-2010, therefore proportions of homing and straying 
fish were calculated for ages (i) 1-4 for each year-class(j).  Different numbers of fish were stocked at the 
Salmon River (homing) and at other sites (strays) and the returns and numbers stocked in each category 
influenced representation in samples and ultimately straying rate estimates. Therefore, to estimate the 
percent of fish stocked at all other sites that strayed to the SRH (and river) as adults (i.e., the straying rate) 
while standardizing for the level of tagging, we divided number of straying fish per number tagged by the 
number of homing fish recovered per number tagged from each age and each year-class (i.e., observed in 
the hatchery returns) and defined straying rate (SR) as:  
 𝑆𝑅𝑖𝑗 =





S = the number of strays recovered at the site (hatchery) at each age (i) and year class (j), 
H = the number of homing fish recovered at the site (hatchery) each age (i) and year class (j), 
T = the number tagged for each year class (j). 
All sampled salmon were examined for a tag and no sampling expansion factor was used (Westley 
et al 2013).  Our straying rate calculation is slightly different from those previously provided in the 
literature, although this has varied considerably too, but typically has been the ratio of strays at other 
locations vs. the number of homing fish sampled at the natal location or hatchery (e.g. Westley et al. 2013; 
Sturrock et al. 2019)  In this paper, we propose linking source and recipient populations by using Equation 
1 that considers homing fish at the recipient location vs strays from source populations.  
For the 2008-2009 YCs in which strays from other NY stocking sites were not differentially tagged, 
we necessarily assumed equal survival and straying from all stocking sites and initially calculated an overall 
199 
 
straying rate for each year class from 2008-2010 using equation 1.  Later, we learned that survival was not 
equal among stocking sites or methods based on results of lake recoveries from 2010-2011, and 2013 YCs 
that indicated approximately two times higher relative survival by pen-acclimated (Connerton et al. 2017, 
Chapter 2 this dissertation) and by Salmon River brood stock  (Connerton et al. 2016) compared to direct-
stocked Chinook Salmon. To estimate the error introduced in calculated straying rates resulting from 
assuming equal survival vs. variable survival among stocking methods, straying rates were modelled and 
compared using the three levels of salmon stocked in 2008, 2009 and 2010 (Table 2), and assuming two 
survival levels: 1) equal survival among all stocked fish, and 2) assuming pen-acclimated and brood salmon 
exhibited twice the survival of direct-stocked fish. For the purposes of the model we assumed a survival 
rate of 0.1 for pen and brood fish (Murry et al. 2010) and 0.05 for direct-stocked fish. To model the effect 
of survival on straying rate estimates, the number stocked in each category (direct-stocked, pen-acclimated, 
brood), was multiplied by survival and by a range of straying rates (10-100%) to derive various outcomes 
of total numbers straying to the hatchery and resulting straying rate estimates using equation 1.  
 
Straying by Pen-Acclimated and Direct-stocked Chinook Salmon to the Hatchery 
Pen and direct-stocked salmon were differentially tagged in 2010-2011, and 2013. Our hypothesis 
was that direct-stocked salmon would stray in greater frequency to the hatchery than pen-acclimated 
Chinook Salmon (Figure 1, panels C and D) since fish are held longer in the hatchery. To compare straying 
of pen-reared and direct-stocked Chinook Salmon from the eight pen-rearing sites (Figure 2, Table 2) to 
the SRH, we sampled Chinook Salmon at SRH in each year from 2011-2017 to recover CWTs from straying 
Chinook from the 2010, 2011, and 2013 year-classes. For each tagged Chinook Salmon sampled, we 
determined stocking origin (as above), age, and year-class from the retrieved CWT. For each site and each 
YC, we tested whether the observed ratios of pen-reared to direct-stocked Chinook Salmon strays at SRH 
were different than expected based on stocking ratios.  
Since we were interested in evaluating straying without the effect of survival, numbers of straying 
pen-acclimated (P) and direct-stocked (D) fish were standardized to account for differential, open lake-
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survival of these treatments. Previous analysis showed that the Chinook population in Lake Ontario from 
April-August during the study was mixed, i.e., harvest at ports consisted of fish stocked at many locations 
(Connerton et al. 2017, Chapter 2 of this dissertation), so recoveries during this lake period were assumed 
unbiased towards any specific site. Therefore, we tabulated lake recoveries from April-August each year 
and determined the recoveries (R) per number tagged for each treatment (YC, site, and stocking method) 
and age to represent relative lake-survival of Chinook Salmon (Figure 4). Since this ratio (P/D) changed 
with age within a single YC, we used the age specific recovery ratios for each site and YC for survival 
adjustments.  
To compare straying to the SRH by pen-reared and direct-stocked Chinook Salmon while 
accounting for differential lake-survival, we standardized numbers of returning fish for each site (S) and 
treatment, YC, and age by multiplying the number of direct-stocked fish returning to the hatchery times the 
ratio of pen to direct lake recoveries for that site, YC and age using equation (2). 
 
 SD (S, YC, Age) = RD (S, YC, Age) * P (S, YC, Age)  [2] 
  D (S, YC, Age)    
Where:   
SD  = Number of strays per number tagged standardized for relative survival,  
RD  = Recoveries of direct-stocked Chinook Salmon per number tagged, 
P  = Lake recoveries of pen-acclimated Chinook Salmon per number tagged, 
D  = Lake recoveries of direct-stocked Chinook Salmon per number tagged. 
 
Age 1 and age 4 recoveries at tributaries were not adjusted by lake recoveries ratios. Age 1 Chinook 
are not fully recruited to the fishery so lake recoveries may be biased; and age 4 fish were rare during the 
study (generally less than 2% of the harvest (Lantry and Eckert 2017). To test for straying differences 
between pen and direct-stocked Chinook Salmon, the adjusted recovery ratios of pen to direct-stocked 
salmon sampled at the hatchery were calculated and compared to stocking ratios using chi-square Goodness 
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of Fit tests. Logically, adjusted recovery ratios should equal stocking ratios if no differences in returns (i.e., 
straying) existed between the stocking methods.  
 
Straying by Pen-Acclimated vs Direct-Stocked Chinook Salmon in Tributaries 
In this case, our hypothesis was that straying by pen and direct-stocked Chinook Salmon would be 
similar since fish were outplanted to pen-acclimation sites earlier but released on similar dates as direct-
stocked fish (e.g., Figure 1, panels C and D) leaving an equal portion of each experiencing incomplete 
imprinting to the stocking site. To compare straying of pen-reared and direct-stocked Chinook Salmon from 
the eight pen-rearing sites (Figure 2, Table 2) to other tributaries, we sampled Chinook Salmon from 
September to November 2011-2016 at each pen site tributary and at additional streams (Figure 1). For each 
tagged Chinook sampled, we determined the stocking origin (as above), age, and year-class from the 
retrieved CWT. We classified each recovered fish as being caught where stocked (homing), as a stray from 
a nearby site (within 30 km of its stocking location) or a stray at a site distant to the stocking location (>30 
km). We classified strays at nearby and distant sites separately because we hypothesized that the results 
may be different if incomplete homing (Keefer and Caudill 2014) was happening in which stocked Chinook 
were imprinting to stocking locations and to nearby watersheds. We considered fish as strays if they were 
caught in streams other than where they were stocked (nearby and distant) and compared the total number 
of strays in tributaries from pen-acclimated and direct-stocked methods for each of eight stocking sites.  
As done with the strays to the hatchery, for each treatment, the total number of salmon recovered 
was divided by the number tagged according to their stocking origin to standardize for different numbers 
stocked at the sites and to permit comparison of straying. Since we were interested in evaluating straying 
without the effect of survival, numbers of straying pen-reared and direct-stocked salmon were adjusted to 
account for differential, open lake-survival of these treatments. As done with the hatchery comparisons, we 
standardized the number of strays for each YC by multiplying the number of direct-stocked strays by the 
ratio of pen-reared and direct-stocked recoveries for that site from the lake fishery at age to standardize for 
relative survival of each treatment (equation 2).  
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For both SRH and tributary comparisons, pooling samples across years (i.e., across ages within 
treatments) would not be appropriate if survival or catchability of the fish from the pen or direct groups 
changed relative to each other because tag recovery ratios would not be constant through time (Elrod and 
Frank 1990); therefore, prior to pooling samples from paired releases across years, chi-square tests for 
homogeneity were performed  and samples were pooled (i.e., across ages, within treatments) if the null 
hypothesis of homogeneity was not rejected. If not homogenous, post-hoc tests for homogeneity among 
ages were done using the R package fifer (Fife 2017), and recoveries for that age were tested separately for 
differences. The recovery ratios of pen-reared to direct-stocked salmon sampled at each tributary were 
calculated and compared to stocking ratios using chi-square Goodness of Fit tests. Logically, recovery ratios 
should equal stocking ratios if no differences in straying exists between the stocking method (Elrod & Frank 
1990). We assumed early hatchery rearing was identical prior to stocking and that adult recoveries were not 
biased toward fish of either group. 
 
Straying Rates Among Tributaries 
To estimate straying rates from each of the stocking sites to other tributaries in this study, the 
number of strays from each stocking site per number tagged was divided by the total recoveries of homing 
fish per number tagged at each capture location (equation 1). Recoveries were standardized for relative 
survival as above (using equation 2); however in this case, since we were comparing straying among all 
sites, instead of using the P:D ratio for each YC, site, and age to adjust for lake-survival, we determined 
the lake recoveries (R) per number stocked in one YC and age among all sites and then calculated the ratio 
of the maximum R (Rmax) to the R for each treatment (RTreatment). This ratio, Rmax/R(Treatment, Age) was multiplied 
by the number of strays for each treatment and age to standardize relative survival among sites within one 
YC, and then divided by the number tagged for each treatment. Straying rates accounting for relative 
survival were estimated from individual pen and direct stocking sites to the Salmon River for the 2010 YC, 
from the Salmon River stocking to other tributaries for the 2010 YC, and from pen and direct stocking sites 
to other tributaries for the 2010, 2011, and 2013 year-classes.    
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We tested for significant effects of stocking location, capture location, stocking methods (pen or 
direct), year-class, and proximity (near or distant) on log transformed straying rates  to tributaries using 
analysis of variance and type 2 sums of squares using the car package. The design was unbalanced since 
not all sites strayed to all other sites evenly, and the number of nearby sites was different leading to unequal 
sample sizes. Salmon River broodfish were tagged in 2010 and not in 2011 or 2013 as the other sites were, 
so this year class was analyzed separately at first.  Our null hypothesis was no difference in straying rate 
between these factors. Arcsine square root transformation was considered as recommended by (Sokal & 
Rohlf 1969) for percentages, but log transformation performed better when testing normality assumptions 
using R package bestNormalize; (Peterson & Cavanaugh 2019) and interpretation was little affected with 
either transformation. Factor effects were tested in the absence of interaction effects when interaction 
effects were not significant. Post hoc contrasts on estimated marginal means were done using the package 
emmeans (Lenth 2020).   
To test the hypothesis that stocking timing or size influenced straying, we evaluated the 
performance of a series of logistic regression models that included combinations of independent variables 
that may contribute to the likelihood of straying considered as the binary dependent variable (straying or 
homing). Independent variables included categorical factors such as stocking method, stocking location, 
and year class, and continuous variables included stocking size, release size, stocking date, and release date. 
Release date was the date in which pen or direct-stocked fish were released. Stocking date was the date that 
pen and direct-stocked fish were transplanted to the stocking site. Release and stocking size were similarly 
defined (Figure 3). Stocking size was not known for every individual, so mean sizes at stocking and release 
were used for each level. Stocking date and release size were omitted from the model because they were 
correlated (R=0.6). The 2010 YC was also not included in the analysis because sex of adult salmon was not 
determined for that year class. Logistic model selection was made with the stepAIC function in the R 
package MASS, which chooses the most efficient model based on Aikaike’s Information Criteria (Venables 
& Ripley 2002). Goodness of fit tests included a likelihood ratio test and the Hosmer Lemoshow test using 
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the R package ResourceSelection  (Lele et al. 2019). All statistical analyses were conducted using R 
software version 3.5.3 (R Core Team 2020).  
Lastly, to visualize the magnitude and direction of straying from source and to recipient tributaries, 
we constructed a directional graph with NodeXL (Smith et al. 2010) and the R package igraph (Csardi & 
Nepusz 2006). Nodes (vertices) in the network represent individual donor and recipient stocking sites 
(Schick & Lindley 2007), and diameter of the nodes represent the proportion of the sampled fish at a capture 
location that were stocked at a site (i.e., homing fish) relative to all of the fish (i.e., homing and staying 
fish) captured at that site, essentially indicating the size of the straying population relative to the recipient 
population (Bett et al. 2017). Sites are connected by lines (a.k.a. “edges” in graph theory) if donor strays 
contributed more than 1% of the fish captured at the recipient site. The relative thickness of arrows and 
lines connecting nodes corresponds to higher percent contribution by strays from each site relative to the 
recipient populations. Nodes were organized from west to east but were not displayed in geographic 
coordinates to avoid obscuring relationships since most sites exist at a similar latitude.  To explore the 
straying network structure, two centrality measures were calculated with igraph including: the degree or 
the number of connections in and out of each node, and the density, i.e., the number of connections relative 
to the maximum possible connections (Pavlopoulos et al. 2011).  
 
RESULTS 
Marking Quality Control 
Manual quality control (QC) checks during the marking and tagging process showed excellent 
results with greater than 99% of the fish sampled having an AD clip and greater than 99.6% of tagged fish 
sampled having a CWT (Table 3). Clipping quality and tag retention remained high when checked thirty 
days after tagging (Table 3). Results were previously detailed in Connerton et al. (2017). Numbers of 




Straying and Homing to Salmon River Hatchery 
Returns of Chinook Salmon to the SRH from 2009-2014 suggested a high degree of homing to 
SRH by Salmon River stocked fish and a low degree of straying to the hatchery by fish stocked at other NY 
sites (Table 4). Percentages of homing and straying fish in the hatchery varied by age and year-class with 
weighted averages of 84.6%, 74.3% and 61.6% of the samples made up of homing fish, and 13.4%, 23.6%, 
and 23.3% made up of straying fish for the 2008-2010 year-classes respectively (Table 4). These 
percentages corresponded to average homing:straying ratios of 6.3, 3.2 and 2.6 homing salmon to every 1 
straying salmon for these year-classes (2008-2010) respectively (Table 4). Considering that the number of 
salmon stocked at other sites combined was higher than the number stocked at the Salmon River (Table 1), 
we would have expected much lower homing:straying ratios if all Chinook Salmon strayed from other NY 
stocking sites to the hatchery (i.e., 0.8, 0.26, 0.28 for 2008-2010 YCs, respectively). Clearly this was not 
the case based on observed homing:straying ratios. After accounting for stocking totals, we estimated an 
average of 12.4%, 8.4%, and 10.9% of Chinook Salmon strayed to the SRH from other sites respectively 
from the 2008-2010 YCs (Table 4). Samples of angler-harvested fish from the Salmon River and its 
tributaries were also analyzed and these indicated higher straying rates (Table 4).  Weighted average stray 
rates from stocking sites across ages were 14.7%, 11.2% and 16.5% for the 2008-2010 YCs, respectively, 
but only the percentages of strays at age 2 in the harvest and corresponding stray rates were significantly 
higher than the percentage of strays at the SRH for the 2009 (χ2=8.21, P=0.0042) and 2010 YCs (χ2=8.65, 
P=0.0033).  
 
Straying of Wild Chinook Salmon to the Salmon River Hatchery 
Some unclipped Chinook Salmon returned to the SRH, and these were likely wild fish given the 
high degree of clipping quality/CWT retention with the AutoFish system (Table 3). The percentages of wild 
fish in the hatchery from 2009-2014 varied by age and year-class but were generally low with weighted (by 
sample size at each age) averages of 1.4%, 2.2% and 14.5% for the 2008-2010 year-classes, respectively 
(Table 4). In comparison, the percentages of wild fish observed in the Salmon River angler harvest were 
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significantly higher than observed in the hatchery (2008 YC: χ2=106.6, df = 1,  P< 2.2 x 10-16; 2009 YC: 
χ2=732.95, df = 1, P< 2.2 x 10-16; 2010 YC: χ2=1016.8, df =1,  P< 2.2 x 10-16) averaging 42%, 56% and 
77% of the angler harvest (Table 4), indicating that wild fish don’t stray to the hatchery in the same 
proportions that they exist in the river.  The 2008 year-class showed lower percentages of wild fish entering 
the hatchery, and lower percentages of wild fish in the river (Table 4) and lake (Connerton et al. 2015, 
Chapter 4 this dissertation), whereas the 2010 year-class showed the highest percentages of wild fish 
entering the hatchery when higher wild percentages were observed in the lake and in the Salmon River 
(Connerton et al. 2015, Chapter 4 this dissertation). More wild fish apparently stray into the hatchery in 
years with higher proportions of wild fish in the population.   
 
Straying by Pen-reared vs Direct-stocked Chinook Salmon to SRH 
Recoveries of brood released, pen-acclimated and direct-stocked tagged Chinook Salmon at SRH 
from 2011-2016 (none in 2017) totaled 1,774 including 985, 382, and 407 from 2010, 2011 and 2013 YCs, 
respectively. In 2010, brood release salmon were also tagged as part of the homing/straying study 
(Connerton et al. 2016), which accounted for 81% of the sample and the higher overall sample totals from 
that YC. Note sample totals reported in Table 4 for the 2010 YC (n=1,119) were higher because they also 
included untagged AD clipped fish since not all the fish counted as strays were tagged in those analyses 
(Table 1). However, the analyses of strays presented here necessarily only included tagged fish.  
After adjusting recoveries for relative lake survival, direct-stocked Chinook Salmon strayed to the 
hatchery in greater frequency than pen-reared salmon (Table 5, Figure 5). The number of strays from direct-
stocked fish were significantly higher than pen-reared fish in 13 of 23 cases for the three YCs evaluated. 
There was weaker evidence (p≤0.1) that straying was higher by direct-stocked Chinook at an additional 2 
sites. Conversely straying to the hatchery was significantly higher from two pen sites (Sodus and 
Fairhaven). There was no straying difference between stocking methods from Oswego released in 2013, 
which is consistent with previous imprinting evaluations that indicated no difference between pen-reared 
and direct-stocked Chinook Salmon returns to that site (Connerton et al. 2017). This result also makes sense 
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given that Oswego released its pen fish after only 3 days in the pens in 2013. Few other patterns can be 
generalized except that the western-most sites strayed the least. Pen and direct strays from Eighteenmile 
Creek and Niagara River represented a consistently low percentage (<5%) of the standardized samples in 
all three year-classes. 
 
Effect of variable survival on straying rates estimates at Salmon River hatchery 
When we compared straying rates that were estimated by assuming equal survival with rates 
accounting for relative survival of various sites, straying rate decreased by 25-30% when assuming higher 
survival of pen-acclimated and brood-stock fish compared with direct-stocked fish (Figure 6).  For 
example, assuming equal survival and 2008 stocking levels resulted in a straying rate of 12.8% to the 
hatchery (Table 4). When higher survival is considered, the straying rate estimate is lowered to 9.3%.  As 
the proportion of direct-stocked fish with lower survival increased relative to the number of homing brood 
fish, the error introduced also increased by about 30%. For example, when assuming equal survival and 
variable survival in 2009, the stray rates were 8.4% and 5.9% respectively. The most extreme scenario 
assuming equal survival, 1.76 million total stocked and all sites direct-stocked (1.4 million) resulted in a 
50% overestimate compared with the estimate accounting for higher relative survival for brood-stocked 
fish. The 2010 year-class was the only one that both homing fish and straying fish were individually 
tagged permitting straying rate estimates from individual sites. Straying rates varied from 1.2% from 
Eighteenmile Creek pens to 35.6% from Sodus direct stocking with an overall average of 12.6%, which 
was about 15.5% higher than estimated by assuming uniform survival (10.9%). In this case, the estimate 
accounting for individual sites’ relative survival was actually higher suggesting that the amount of error in 
the estimate can vary from -30% less to 15% higher in this case depending on the relative survival of 




Straying from the Salmon River to other tributaries 
Overall, straying from the Salmon River to other tributaries occurs, however this was relatively low 
based on 2008-2010 YC recoveries in which 4,762 AD-CWT or AD-clipped Chinook Salmon were sampled 
in other tributaries from 2010-2014, and 3.7% were Salmon River strays. Most strays from Salmon River 
were captured in eastern tributaries (east of Genesee River) representing 85% of all Salmon River strays in 
tributaries, and 8.6% of all eastern samples (n=1,722). In contrast, 0.5% of western samples were Salmon 
River strays (n=3,040). When we considered higher relative survival by Salmon River and pen fish and 
assumed that all fish strayed equally for the 2008-2010 YC (i.e., all Salmon River strays were summed 
across all sites and compared against all other marked salmon in all tributaries per number marked), 
estimated straying rates from Salmon River were 2.6%, 8%, and 8% for 2008-2010 YCs, respectively.  
When differential survival, strays from different sites, and homing fish were considered based on 2010 YC 
tagged recoveries, straying rates from Salmon River to other tributary sites was estimated at 1.9% for the 
2010 year-class.  
 
Straying by Pen-reared vs Direct-Stocked Chinook Salmon to Other Tributaries 
Recoveries of tagged penned and direct-stocked Chinook Salmon in tributaries from 2011-2016 
(none in 2017) totaled 6,489 of which 2,538 (39%) were classified as strays (i.e., capture location ≠ stocking 
location) including 1,310 strays at nearby sites, and 1,228 at distant sites. Of the strays captured at nearby 
sites, 360, 501, and 449 were from the 2010, 2011 and 2013 YCs, respectively, amounting to 19.7%, 20.6% 
and 20.1%, of the total returns to tributaries in each year-class. A total of 453, 409, and 366 strays from 
each year-class was captured at distant sites amounting to 16-25% of the total returns to tributaries (i.e., 
24.8%, 16.6%, and 16.4% respectively).   
After adjusting for relative lake performance, results indicated few differences in straying by pen-
reared and direct-stocked Chinook Salmon to tributaries overall. D:P straying ratios averaged 0.95, 0.85 
and 0.75 for the 2010, 2011 and 2013 YCs, respectively (Table 7). Only 6 out of 23 cases indicated 
significant straying differences between pen-reared and direct-stocked Chinook among tributaries (Table 
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6). In all these cases, results indicated significantly higher numbers of strays from pen-reared Chinook 
including from Niagara River (2010 YC), Oak Orchard Creek (2010 YC), Fairhaven (2011 and 2013 YCs), 
and Sodus Bay (2011 and 2013 YCs). An average of 52% (+/- 9% standard error) of these pen strays were 
caught in nearby tributaries. 
 
Straying Among Tributaries 
Straying rates from stocking locations to other sites varied from 0.2% to 62% with individual site 
means ranging from 0.1 to 23.9% (Table 7).  Analysis of variance indicated that stocking location (F=7.2, 
DF=7, P=9.3e-08), capture location (F=23.9, DF=8, P<2.2e-16), and capture proximity (F=144.5, DF=1, 
P< 2.2e-16) had significant effects on straying rates among tributaries.  There were significant interactions 
between proximity and both stocking location (F=6.1, DF=6, P= 2.6e-05) and capture location (F=2.5, 
DF=6, P= 0.02). Neither year-class (F=1.9, DF=2, P= 0.15) nor stocking method (F= 0.06, DF=1, P= 0.79) 
were significant factors so these were omitted from the model. Marginal mean straying rates from stocking 
locations varied from 0.86% to 7.5% averaged across all levels of proximity and capture location (Figure 
7). Mean straying rates from stocking locations to nearby tributaries (M=7.8%, SE=0.7%) were significantly 
higher (t [224] = 8.8, P < 0.0001) than to distant tributaries (M= 2.4%, SE=0.2%) and this factor had the 
strongest effect on straying rate differences. An unplanned contrast of straying rates from stocking locations 
indicated significantly lower (t [224] = -6.869, P <.0001) mean straying rates from rivers (M=6.6%, 
SE=0.4%) than streams (M=2.7, SE=0.4%) with straying from Oswego, Genesee and Salmon River all 
showing significantly lower straying rates than several sites (Figure 7); however  Salmon River was only 
included in the study in 2010 and strays from this site were found at three stocking locations from this year 
class (Table 7) so these means should be interpreted with caution due to low sample size. Conversely, 
Salmon River received strays from most sites therefore sample size increased (n=13) and marginal mean 
straying rates to the Salmon River from distant sites were significantly higher (M=9.3%, SE=1.6%) 
compared to all other capture locations (means ranging from 1.82% to 4.8%). Straying rates to Salmon 
River from nearby sites (i.e, Oswego) were also significantly higher (M=25,7, SE=4.5) than all other sites 
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(ranging from 3.8%-14.2%), but again low sample size (n=2) should be considered in this case. Straying 
rates to Sodus Bay (M=14.2%, SE=1.8%) from nearby locations were significantly higher than five other 
capture locations and five other distant capture locations (Figure 7).  
Logistic regression analysis indicated that the probability of straying was strongly associated with 
stocking location, sex, stocking date, and release size (Table 8). Age, stocking method and year class did 
not significantly reduce the residual deviance compared to the null model and were omitted from further 
analysis. The final model’s residual deviance was significantly lower than the null model (Likelihood Ratio 
G2=254.6, df=10, P<0.0001) and prediction accuracy was 63% when tested against 30% of the original 
data. Two goodness of fit metrics were assessed including McFadden’s pseudo-R2 (0.22) and the Hosmer 
Lemoshow statistic test that indicated no significant difference between predicted and observed event rates 
(χ-squared = 2.04, df = 4, P= = 0.73)   There was strong support for release size as a significant predictor 
of straying with an odds ratio of 1.06 indicating that when all other predictors are held constant, the 
probability of straying increases by 6%  for every one unit (mm) increase in size of stocked fish. The effect 
of stocking date was consistent with the hypothesis that stocking timing influenced straying with an odds 
ratio of 1.03 suggesting that when fish are stocked at pen and direct sites later, that the probability of 
straying among tributaries increases significantly by about 3% per day. Consistent with Chi-square results, 
odds ratios indicated that river locations were least likely to stray with Niagara River straying the least. 
Eighteenmile Creek, Sandy Creek and Sodus showed significantly higher odds of straying than Niagara 
River. Chinook Salmon stocked at Sodus were 4.5 times more likely to stray than the Niagara River. Results 
also indicated that males were significantly more likely to stray than females by 16%. 
Network analysis showed a high degree of exchange among sites by straying fish with in-degree 
and out-degree (connections) to nodes ranging from 3 to 8 (Median=6, Figures 8-10).  Edge density was 
0.88 indicating a high degree of connectedness among tributaries with 70% of the recipient sites 
reciprocating strays with donor sites. Homing fish comprised an average of 66% (SD=17%) of all salmon 
sampled at tributaries, ranging from 42% at Sodus to 91% at Genesee River. Strays from individual donor 
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tributaries represented an average of 4.6% of the spawning adults at any one site (median =4.6%, 
SD=5.1%), with a maximum percentage of 20% of adult salmon at Fairhaven from Sodus Bay.   
   
DISCUSSION 
Straying by Pen-acclimated and Direct-stocked Chinook Salmon the SRH 
The results of this study supported the hypothesis that stocking timing and method can affect 
straying by hatchery Chinook Salmon. Pen-acclimated Chinook Salmon strayed to their rearing hatchery 
significantly less than direct-stocked salmon in 13 of 23 cases after accounting for differential smolt to adult 
survival. Although there was considerable variability in recovery ratios, pen-acclimation reduced straying 
to the hatchery by a median factor of 2.2 compared with direct stocking. Logistic regression analysis also 
indicated that stocking subyearling fall Chinook Salmon at later stocking dates and at larger stocking sizes 
increased the probability of adults straying from stocking sites in this study by 3% and 6% per unit increase, 
respectively. These results agree with previous studies and reviews identifying smolt size and photoperiod 
as important drivers of parr-smolt transformation and imprinting  (Hasler & Scholz 1983; McCormick et 
al. 2000; Keefer & Caudill 2014; Dittman et al. 2015). Hatchery salmonids released too early may stray 
more because they have not had time to imprint to the site (Quinn 1993), or because their physiology is not 
synchronized with migration (Grant 1997). On the other hand, fish released after the smolt stage may stray 
more frequently than earlier releases (Unwin & Quinn 1993; Pascual & Quinn 1994) so it is important for 
hatchery managers to balance the benefits of increasing survival by stocking larger fish with the costs of 
decreasing imprinting by transplanting fish to sites later and at larger sizes. Pen-acclimation can be 
successful if transplantation size and photoperiod is appropriately timed with parr-smolt transformation. 
 Based on the available literature, “ocean-type” fall Chinook Salmon subyearlings such as those 
stocked into Lake Ontario generally undergo smolt transformation at sizes between 70mm-85mm based on 
gill sodium potassium adenosine triphosphate levels, sodium plasma levels and body shape (Ewing et al. 
1980; Hoffnagle & Fivizanni 1998; Tiffan et al. 2000; Negus 2003; Sharron 2015) although changes in T4 
plasma levels  can also be affected by rapid change in fish size, lunar cycle (Hopkins & Sadler 1987) or 
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even exposure to new water sources (Hoffnagle & Fivizzani 2011). Pen-acclimated salmon in this study 
were transferred from the hatchery to holding pens at mean average sizes of 71mm (3.5g) and held for three 
weeks until they reached a mean size of 86 mm (6.1g).  Conversely, direct-stocked Chinook Salmon were 
transplanted to sites three weeks after pen fish and released at a mean size of 77 mm (4.3g). A higher 
proportion of direct-stocked fish evidently began parr-smolt transformation and interrupted imprinting in 
the hatchery, which likely resulted in higher straying there. Pen-acclimation permitted moving fish to sites 
earlier and releasing them at larger sizes than direct-stocked salmon, which contributed to higher smolt to 
adult survival in the Lake and improved imprinting to release sites (Connerton et al 2017, Chapter 2 this 
dissertation). Results of this study suggest that pen-acclimation can also reduce straying to the rearing 
hatchery if timing of transplantation is prior to parr smolt transformation. 
 
Straying by Pen and Direct-stocked Salmon among Lake Ontario tributaries 
While penning fish led to lower straying to the hatchery, there was less evidence that stocking 
method affected straying among tributaries. Of 23 cases evaluated, only six indicated a significant effect of 
stocking method, and all six indicated significantly higher straying by pen fish (Table 6). Four of these 
cases however were at Sodus and Fairhaven (2011 and 2013 YCs) where pen sites were located in bays 
instead of tributaries. Direct-stocked salmon at Sodus were also released in the bay, which may have also 
reduced imprinting to that site overall. Sodus Bay indicated a consistent pattern of higher straying for both 
pen and direct fish in all three year-classes at the hatchery. This site is unusual because pen and direct-
stocked fish are released at the outlet of Sodus Bay, and no tributaries are within 1-3 miles. Sodus Bay 
tributaries also frequently experience very low water conditions preventing salmon migration until late in 
the fall, perhaps also influencing straying. Likewise pen-acclimated salmon at Fairhaven returned to 
tributaries significantly less in all three year-class indicating poorer imprinting (Connerton et al 2017, 
Chapter 2). Similar to our finding, releasing fall Chinook Salmon in acclimation pens and bays rather than 
streams was shown to increase straying rates by 9 to 26 times in California’s Central Valley (Palmer-
Zwahlen & Kormos 2015; Sturrock et al. 2019). Other studies have also clearly indicated the importance 
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of release location for pen-acclimation to be effective (Garcia et al. 2004; Rosenberger et al. 2013).  
Although pen-acclimation at Fairhaven and Sodus significantly improved survival (Connerton et al 2017, 
Chapter 2), Lake Ontario fisheries managers may want to consider changes to release and pen locations to 
improve imprinting to these sites. 
It is possible that relative lake-survival differences were underestimated, which would have 
influenced standardization and results of comparisons at the SRH and in tributaries. Some studies have 
shown earlier maturity of smolts released at larger sizes (Vøllestad et al. 2004; Tattam et al. 2015), which 
raises the possibility that a higher proportion of penned salmon matured earlier. We assumed that age 2 
salmon matured at the same rate as represented in the lake. Our estimates of imprinting differences would 
be biased low in this case. Future research could examine the tradeoffs between stocking larger pen fish 
and losses to the fishery if earlier maturity occurs in penned salmon.  
At first it may seem contradictory that penned salmon experienced improved imprinting to release 
sites compared with direct release fish (Chapter 2), and at the same time there was less evidence that 
straying to tributaries was different between pen and direct released salmon. One possible explanation is 
that both treatments experienced similar levels of incomplete imprinting after release, (Keefer and Caudill 
2014) because both groups had size distributions that would have left a portion of fish still undergoing parr-
smolt transformation (e.g., Figure 1C and 1D).  The degree of complete imprinting at sites can depend not 
only on release size and timing but how quickly and how far away parr-smolts emigrate from stocking sites 
(Hamann & Kennedy 2012). This can depend on many factors including fish size (Weitkamp et al. 2015), 
habitat quality, river flow, species (Melnychuk et al. 2010), and life history (e.g., Chinook Salmon ocean 
type vs stream type; Westley, Quinn, and Dittman 2013). In addition, fish released further downstream or 
in estuaries can exhibit higher straying as adults (Palmer-Zwahlen & Kormos 2015; Lasko et al. 2015; 
Sturrock et al. 2019).  Most pen sites and direct stocking in this study occurred near the mouths of stocking 
streams, which may have led to early emigration from sites and incomplete imprinting of parr-smolts from 
both stocking methods. There also could be tradeoffs between stocking size and speed of emigration away 
from sites. A larger size at release may benefit juvenile Chinook Salmon by reducing vulnerability to 
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predation and improving foraging ability (Bugert & Mendel 1997; Connor et al. 2004; Poirier & Olson 
2017). However, pen-acclimated Chinook Salmon smolts may leave the nearshore more rapidly than 
smaller direct-stocked salmon (Johnson et al. 2007) and this could impact imprinting. For instance, 
broodfish smolts released at larger average sizes (M= 92mm 7.7g) and held in the hatchery until June, 
strayed significantly less than most other sites with rates averaging about 3% to nearby sites and 0.6% to 
distant sites (Figure 7). Broodfish apparently experienced the most complete imprinting by holding these 
fish longer than transplanted fish.  
Holding salmon parr-smolts longer in hatcheries does not always lead to improved imprinting 
(Clarke et al. 2016) however, and this may depend in part on whether parr-smolts are exposed to well water 
exclusively or in the case of Salmon River hatchery, mixed with river water (Dittman et al. 2015). 
Furthermore, despite our results showing improved imprinting by transplanting fish to pens prior to parr-
smolt transformation, imprinting is a complex process that can occur as early as the egg/alevin stage 
(Dittman et al. 2015; Bett & Hinch 2016) and pen-acclimation has not always been successful at improving 
imprinting (Savitz et al. 1993; Dittman et al. 2010; Clarke et al. 2016) to release sites. Nonetheless, based 
on the results and the size distributions at transplantation and release in this study (Figure 3), moving more 
salmon to pens earlier reduced straying to the hatchery and holding parr-smolts later in pens could result in 
a greater proportion undergoing more complete imprinting to stocking sites in Lake Ontario. 
 
Straying Rates of Chinook Salmon in Lake Ontario 
In this study mean straying rates from stocking sites varied from 1.2% to 23.9% with an overall 
mean of 6.8% (Table 7). Straying rates have not been estimated previously in the Great Lakes and have 
only been rigorously quantified outside Chinook Salmon’s native range in New Zealand (Unwin & Quinn 
1993; Unwin et al. 2003) where straying rates among 120 groups of Chinook Salmon introduced there at 
the turn of the 20th century varied widely from 0 to 37% with mean straying rates of 12% (Unwin & Quinn 
1993)  These straying rates were lower than reported for “ocean-type” hatchery Chinook Salmon from their 
native range (mean=34.9%) as reviewed by (Keefer & Caudill 2014), however, their review included 
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multiple sources of variation including stage, location, and release timing among others.  Analysis of 
straying rates of hatchery ocean type Chinook Salmon (M=15.8%) reported by Westley, et al. (2013) whose 
analyses accounted for some of the factors contributing to variability in the Columbia River system were 
more similar to our results. Straying rates in California’s Central Valley depended on release location, but 
reported rates varied from 0.3 to 9.1% for on-site releases, and 6.6 to 88% for bay releases (Sturrock et al. 
2019), however their stray definition considered fish returning to release locations (vs. natal hatcheries) as 
strays, therefore rates are less comparable.  Few studies have estimated straying rates of wild conspecifics 
(Keefer & Caudill 2014). In one study, Pearsons and O’Connor (2020) estimated donor straying rates of 
natural origin spring run Chinook Salmon and found stray rates of less than 1% at the basin scale, 10% at 
the subbasin scale, and up to 15% at the tributary scale.  Overall, Chinook Salmon straying rates in Lake 
Ontario are similar to straying rates of hatchery fall run Chinook Salmon reported elsewhere.  
Proximity to stocking sites was also an important factor associated with straying rates in this study. 
Straying rates to sites within 30 km of stocking locations averaged 7.6% and were significantly higher than 
mean straying rates to distant sites (M=2.4%).  Similar to our results,  several previous studies have reported 
a decline in strays with increasing distance from the stocking sites with more strays entering tributaries 
closer to release sites 10-50 km away (Unwin & Quinn 1993; Pascual & Quinn 1994; Candy & Beacham 
2000; Piston & Heinl 2012; Keefer & Caudill 2014).  At least a dozen streams not previously stocked in 
New York also contained strays from nearby tributaries (Appendix Table 5.2).  Fish may stray to nearby 
tributaries for several reasons including incomplete imprinting because of rapid pre-smolt movements away 
from stocking sites (Lasko et al. 2015), marginal habitat (Dittman et al. 2010; Cram et al. 2013), or 
watersheds with similar water chemistry may attract adult strays (Cram et al. 2013). Some strays may have 
been exploring and testing habitats and have not completed homing before being caught by anglers 
(Naughton et al. 2009; Keefer & Caudill 2014).  From a fisheries management perspective in Lake Ontario, 
incomplete imprinting and local straying of hatchery Chinook Salmon may be acceptable to fisheries 
managers since these fish are still contributing to local fisheries and meeting fisheries objectives. Chinook 
Salmon in Lake Ontario are a non-native, naturalized species, therefore straying of hatchery fish to other 
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watersheds may be less concerning compared with native ranges where the ecological and genetic effects 
of hatchery origin Chinook Salmon on native populations (Naish et al. 2007; Waples 2011). 
Sex was also an important determinant of straying in this study with males straying more than 
females. Logistic regression suggested a 14% higher probability of straying by males than females. Males 
may stray more to increase access to female mates (Hard & Heard 1999; Hamann & Kennedy 2012), or due 
to limited quality spawning habitat, high spawner density (Lin et al. 2011), and interspecific competition 
forcing smaller males to search for other spawning locations (Pollock et al. 2019).  Although previous 
research has identified age as an important factor affecting straying (Hard & Heard 1999), this study did 
not find evidence for this. 
Lastly, stocking location and capture location were also important factors associated with straying 
rates. Chinook Salmon strayed from some sites more than others although most of the significant 
differences depended on an interaction with proximity to the stocking location as discussed above.  Most 
notable was significantly lower straying rates from rivers compared to streams (Figure 7). Salmon from 
large rivers may have lower straying because of more stable spawning environments (Quinn 1984). 
Conversely, unstable flow or temperature in small tributaries or overall poorer spawning habitat quality can 
lead to greater frequency of straying by Chinook Salmon (Dittman et al. 2010; Cram et al. 2013). New York 
Lake Ontario tributaries are frequently impacted by low water and/or warm temperatures in September and 
October possibly affecting straying. Interestingly, spawning runs in rivers typically began in September, 
whereas salmon runs in streams began in mid-October or later. Based on logistic regression analysis (Table 
7), straying was more likely to occur from Eighteenmile Creek and Sodus and these sites typically had the 
latest spawning runs (Appendix Figure 5.1).  Straying rates to the rivers, however, were not significantly 
higher than tributaries, except at Salmon River where straying rates from distant locations averaged at least 
two times higher than other capture locations presumably due to higher imprinting by parr-smolts to the 





Straying Rates to Salmon River Hatchery 
Straying rates by Chinook Salmon to the Salmon River Hatchery from other NY stocking sites 
averaged 10.9% for the 2008-2010 YC when we assumed equal survival and straying among sites. Straying 
rates from stocking sites to the hatchery were not uniform in this study, however, and the recoveries of both 
homing and straying fish among tributaries and at the hatchery were affected by the relative survival of 
different stocking methods (and sites), so it was important to standardize recoveries prior to estimating 
straying rates in the hatchery and at other locations.  For example, when we accounted for differences in 
survival between pen and direct strays and brood release  salmon at the hatchery (grouped into categories), 
straying rate estimates were 25-30% lower compared with those assuming equal survival. Or when rates 
were estimated for individual sites rather than lumped into general categories and standardized for relative 
survival, stray rates from stocking sites to the hatchery averaged 12.6% for the 2010 YC and varied from 
2% (Eighteenmile Creek) to 35% (Sodus Bay). Differential survival can clearly be important when 
estimating straying rates (Mortensen et al. 2002) , but this depends upon the definition and calculation 
method. In our case, we were interested in linking straying between source and recipient populations 
therefore we defined straying rate as a function of the relative numbers of donor strays and recipients 
stocked after accounting for relative smolt to adult survival.   
Straying rate has not been consistently defined in the literature and calculations for straying rates 
have also varied. Besides the complexities associated with defining straying from a spatial scale (e.g. 
watershed>tributary>natal redd (Unwin & Quinn 1993), or designating permanent vs temporary strays 
(Westley et al. 2013),  defining and quantifying straying has also varied depending on study objectives. 
Straying rate has been defined as: (1) a simple proportion of strays in samples at non-natal locations  
(Brenner et al. 2012; Clarke et al. 2014); (2) as the proportion of strays per number tagged at recipient 
locations relative to the number of homing fish recovered at natal source locations (Keefer et al. 2008);   (3) 
as the proportions of strays per number stocked relative to the estimated size of the receiving populations 
(Schick & Lindley 2007); (4) Sturrock et al. (2019) classified hatchery Chinook Salmon that returned to 
release locations (vs returning to rearing locations) as strays and defined donor stray rates as the proportion 
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of returns to rearing sites relative to returns to other locations including release sites and (5)  Westley et al.  
(2013) defined straying rate as recoveries of strays from paired releases at hatcheries relative to the number 
of homing fish at hatcheries or on spawning grounds weighted by number tagged. We took Westley’s et al. 
(2013) approach with one modification. Most studies have been conducted from the standpoint of the 
source/donor population (reviewed by Keefer and Caudill 2014) and we wanted to simultaneously consider 
donor and recipient populations.  Unlike Westley et al. (2013) who calculated straying rate as the number 
of strays sampled at other locations divided by the number of homing fish sampled at natal locations from 
the same release, we calculated straying rate as the ratio of donor strays per tagged from multiple releases 
to the number of homing fish per number tagged at each recipient location, standardized for relative 
survival. This enabled us to estimate rates from release locations, to capture locations, and to the hatchery, 
while also accounting for survival, and ultimately accounting for differences in relative sizes of donor and 
recipient populations. The relative size of the recipient population will influence the representation of strays 
in any sample at each location. Likewise, the representation of any homing fish at donor sites will be 
affected by sizes of both homing and straying populations. A standardized straying rate in this study allowed 
comparisons across sites and methods while accounting for factors that may influence straying rates 
estimated at tributaries, and in our opinion, considering donor and recipient straying provided a more 
complete picture of the patterns of straying among sites.  
 
Source and Recipient Straying 
We also considered straying as the proportions of donor strays captured at each site, compared to 
the relative proportions of recipient populations (Bett et al. 2017) in a digraph (Schick & Lindley 2007).  
This method is not a rate per se, rather it allows for simultaneous consideration of the influence of source 
on recipient populations by considering the flow of strays into the population compared to the proportions 
of homing fish at the site. Results of network analysis reinforced site proximity as an important factor 
affecting straying rate (Figures 8-10).  Nearby locations received the majority of strays from nearby 
stocking sites, and two-way exchanges of strays occurred between nearby sites in greater frequency and 
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magnitude than stocking sites and capture locations situated farther apart. This result is consistent with 
others showing a decline in straying with distance from the natal site (Unwin and Quinn 1993; Candy and 
Beacham 2000; review by Keefer and Caudill 2014).  The flow of strays between pairs of proximate sites 
was not equal, however, with one site usually receiving a greater proportion of strays from donor sites. For 
example, Oak Orchard and Niagara River consistently received higher proportions of strays from 
Eighteenmile Creek than reciprocated, and Sodus received more strays from Genesee River.  The direction 
of predominant straying was not always consistent however, with some sites (e.g., Fairhaven and Sodus) 
switching source-sink roles between years. Interestingly, most of the dominant flow direction occurred from 
west to east toward the hatchery with straying rates to Salmon River significantly higher than all other sites.  
Based on the results of the 2010 YC network analysis, Salmon River broodfish also had fewer two-way 
straying exchanges with other stocking sites, receiving strays from all eight sites (in-degree=8) but 
reciprocating strays to only three. Straying by broodfish to sites west of the Oswego River was very low, 
however straying by broodfish occurred to other nearby eastern tributaries of the Tug Hill Region 
(Appendix Table 5.2). 
The relative survival of donor and recipient sites was also important in determining the relative 
proportions of donor-recipient populations. For instance, the overall proportion of the total at Salmon River 
that were strays was lower than sites with similar in-degree, however Salmon River receives a higher 
stocking total and broodfish experienced relatively higher smolt to adult survival. In contrast, Oswego 
received strays from 8 sites as well, but straying fish represented an overall higher proportion of the sample 
at that site because many sites strayed there (Figures 8-10), and some strayed in high proportion (e.g., Oak 
Orchard). In addition, Oswego pen-acclimated few salmon relative to the total number stocked there, which 
likely led to lower overall returns because of lower survival of direct-stocked fish and increasing the relative 
proportions of strays. At Sodus, the proportion of homing salmon in the sample was relatively low (43%) 
as well.  Although in this case, in-degree (6) was lower than the Salmon River and Oswego and more than 
50% of strays came from just two nearby locations (Genesee River and Fairhaven). Sodus also pens 
relatively few fish and straying from Sodus to the SRH was relatively higher than other sites for all three-
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year classes studied, which also may have influenced the number of homing fish at that location. Thus, in 
these cases the relative size of recipient populations were influenced by stocking survival of both the source 
and the recipient populations, and the degree of straying from the recipient site (amounting to a loss of natal 
fish).   
The straying network may also have important implications for the potential for local adaptation of 
Chinook Salmon to Lake Ontario tributaries. The degree of connectedness was relatively high among all 
stocking sites as indexed by the edge density (ED=0.88, the number of edges divided by maximal number 
of edges) suggesting a mixed population. Hatchery salmon dominate these tributaries with wild fish 
averaging less than 10% of the returns (Connerton et al 2015, Chapter 4 of this dissertation) and all hatchery 
production in New York comes from one centralized hatchery at Salmon River. Based on network analysis 
(Figure 8), it also appears that the flow of strays is mostly from release sites to the hatchery and less so in 
the other direction. Average stray rates from Salmon River to most sites was less than 1%.  Nonetheless, 
annual transplantation of parr from the hatchery to all release sites (Table 2) and straying back to the 
hatchery ensures continual genetic exchange among tributaries in New York. Results also showed that SRH 
broodstock was composed of an amalgamation of ~80% homing fish, ~20% strays, and a range of wild fish 
from 0-14.5% (Table 4). Thus, the likelihood of local adaptation of Chinook Salmon to specific tributaries 
or regions in Lake Ontario appears low based on the degree of straying among Lake Ontario tributaries 
resulting from the management of hatchery releases from a central facility throughout the lake.  
Salmonids display extensive interpopulation variation in life history characteristics including age 
and size at maturity, fecundity, egg size, timing of emergence, smolt emigration, and spawning timing 
(Taylor 1991). Rapid evolution of Chinook Salmon phenotypes such as size and survival has occurred by 
salmon introduced to New Zealand (Unwin & Quinn 1993), however, stocking in those populations ceased 
soon after introduction at the turn of the 20th century and populations are now self-sustaining (Hendry et al. 
2000). Sustained hatchery programs can significantly alter phenotypes through artificial selection. For 
example, artificial selection pressures have altered arrival timing earlier and away from favorable spawning 
temperatures in Chinook Salmon at the Green River rearing hatchery (Quinn et al. 2002) from which Great 
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Lakes salmon are derived (Weeder et al. 2005). In the Great Lakes there is some evidence of weak genetic 
structuring among the Lake Huron Chinook Salmon populations ten generations after introduction (Suk et 
al. 2012) suggesting that there is potential for phenotypic divergence of early life history traits. However, 
Marklevitz and Morbey (2017) found weak evidence for any differences in arrival timing between hatchery 
and naturalized Chinook Salmon in Lake Huron tributary and suggested that the lack of reproductive 
isolation was due to stocking programs suppressing contributions of naturalized fish.  
In Lake Ontario, naturalized Chinook Salmon makeup a substantial component of the lake and 
tributary Chinook Salmon fisheries averaging 47% of the adult harvest and contributing between 10-70% 
of the tributary harvest depending on location (Connerton et al. 2009, 2017). However, in most stocked 
tributaries, the proportion of naturalized Chinook Salmon is less than 10% (Chapter 4 this dissertation).  
The Salmon River may present the best opportunities for local adaptation in NY tributaries with naturalized 
Chinook Salmon representing from 20-70% of adults returning to the Salmon River (Connerton et al. 2016, 
Chapter 4 this dissertation). It is likely the largest single producer of wild smolts in New York given its size 
and the amount of quality habitat producing at least 5 million parr per year (Everitt 2006). The abundance 
of wild fish in the Salmon River has also increased over the last twenty years (Bishop et al. 2019) but 
exchange between hatchery and naturalized Chinook in this study was low based on sampling of hatchery 
returns from 2009-2016 when two out of three cohorts had proportions close to zero (Table 4). While 
naturalized Chinook Salmon don’t stray frequently into the hatchery, stocked fish are found spawning 
throughout the River based on results of Nack et al. (2011) who observed a higher proportion of wild-origin 
Chinook Salmon in the lower section of the Salmon River (47.5%) than near the hatchery (28.2%) based 
on carcass surveys. 
From a management perspective, low numbers of wild fish straying into the hatchery and relatively 
high numbers of hatchery fish spawning in tributaries has two important implications. First, low straying 
into the hatchery emphasizes the need for releasing broodfish at the hatchery to maintain adult returns to 
the Salmon River hatchery since it supplies all stocked Chinook Salmon to Lake Ontario in New York. 
Second, hatchery practices may be an important determinant of Chinook Salmon local adaptation in Lake 
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Ontario. While this hypothesis needs testing, artificial hatchery selection elsewhere has induced significant 
changes to migration timing (Quinn et al. 2002; Hoffnagle et al. 2008), and age at maturity through release 
of larger smolts (Harstad et al. 2018). In Lake Michigan, however, Chinook Salmon hatchery and 
naturalized populations did not indicate a significant divergence in these life history characteristics (Kerns 
et al. 2016).  In contrast, Weeder et al. (2005) compared the genetic diversity of Chinook Salmon in Lake 
Michigan with the original founder population in Washington and detected significant differences in allelic 
frequencies suggesting genetic drift and a reduction in genetic diversity of hatchery salmon in Lake 
Michigan. Consequently, as suggested by Tillotson et al. (2019), managers of fisheries and hatcheries 
should carefully consider measures to maintain the natural variation in reproductive traits.  
The potential for exchange between New York and Ontario hatchery sources of Chinook Salmon 
is also likely limited based on available data. Ontario conducted a series of tagging experiments from 2008-
2011 in which approximately 554,000 Chinook Salmon were tagged over the same period of time as this 
study (Table 2). Although adults from NY and Ontario were well mixed in the Lake harvest (Chapter 2 this 
dissertation), Ontario strays represented just 0.03% of tagged salmon sampled (n=7,977) in New York 
tributaries from 2009-2016 and no Ontario strays were sampled at Salmon River. While there is less 
information from Ontario tributaries, strays from New York represented 0.2% of the marked Chinook 
Salmon sampled (n=1,471 from 2009-2016) at the Credit River where gametes for Ontario’s hatchery 
stockings are collected (Ontario Ministry of Natural Resources 2013). Greater exchange between New York 
and Ontario hatchery salmon may occur between more proximate stocking sites (e.g., Burlington, 
Dalhousie, and Niagara River), however we have no data from these streams. Regardless, the opportunities 
for genetic exchange by NY and Ontario hatchery broodstock appears low based on the available data, and 
exchange among Canadian sites in Lake Ontario may be similar to New York if those fish display similar 
stray rates. For example, straying rate to the Credit River by Chinook Salmon from other sites averaged 
19% (SD=7.6%) for 2009-2011 YC, and most strays were from nearby tributaries (Ontario Ministry of 
Natural Resources 2013). Ontario stocks Chinook Salmon at sites from Dalhousie to Wellington using 
similar methods to NY (Figure 2) raising doubt for local adaptation of Chinook Salmon among Ontario 
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tributaries as well.  Suk et al. (2012) noted that the lack of genetic differentiation within Lake Huron 
tributaries (Weeder 2005) and posited that hatchery practices that distribute parr throughout the lake from 
central rearing facilities prevent genetic isolation.  Although there is some evidence of genetic divergence 
by Credit River Chinook Salmon compared to the original Green River Washington strain (Thorn & Morbey 
2017),  for within population genetic differentiation to occur, some population isolation in select tributaries 
is necessary along with homing, and environmental selection processes to reinforce phenotypic 
diversification (Quinn et al. 2001). For example, differences in temperatures or flows can influence timing 
of spawning runs, and ultimately the timing of fry emergence and size, smolt emigration, survival and 
ultimately adult maturation or egg size which can result in rapid divergence of introduced populations 




This paper evaluated the relative straying of pen-reared and direct-stocked Chinook Salmon to the 
rearing hatchery and among tributaries of Lake Ontario while accounting for differential lake-survival.  
Straying to the rearing hatchery by pen-acclimated salmon was significantly lower than direct-stocked 
salmon in 13 of 23 cases tested. Stocking method was not a significant factor overall for reducing straying 
among tributaries, however indicating a similar degree of incomplete imprinting from both methods.  Larger 
stocking size and later stocking date were strongly associated with an increased probability of straying 
among tributaries suggesting that moving salmon to pens earlier or holding fish longer in pens could 
improve imprinting to release sites in Lake Ontario. Salmon strayed significantly more to tributaries within 
30 km of stocking sites contributing to local fisheries. Chinook Salmon stocked in bays instead of tributaries 
were more likely to stray, and those stocked in tributaries strayed significantly more than those stocked in 
rivers. Mean straying rates to the hatchery were also significantly higher than to all other locations. Overall 
straying rates in Lake Ontario were similar to those reported elsewhere for fall Chinook Salmon. Straying 
by wild fish into the hatchery was low despite relatively high numbers of wild fish in Salmon River 
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emphasizing the importance of broodfish releases at Salmon River for maintaining runs into the hatchery 
for broodstock collection.  Considering both donor and recipient straying gave a fuller picture of the patterns 
of straying among sites. For example, straying rates were relatively low from donor sites depending on 
proximity to stocking locations, however cumulatively, straying from several sites represented the majority 
of salmon at some sites depending on the relative size of the recipient population.  The relative size of 
straying and recipient populations depended upon survival, the degree of straying by the recipient 
population, and the proportions of fish that fisheries managers placed into each method.  Although wild 
fish represented an average of 47% of the harvest in Lake Ontario, hatchery stocking and straying may limit 
local adaptation to specific tributaries. Since returns to the tributaries and the hatchery by pen-reared and 
direct-stocked salmon could result from differences in survival, imprinting, straying or a combination, 
results of the current study emphasize the importance of accounting for potential survival differences 
between stocking locations and methods, and considering these when evaluating returns to tributaries.  
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TABLE 1. Numbers (1000s) of mass marked Chinook Salmon stocked by Ontario and New York 
in Lake Ontario from 2008-2013. (AD=adipose clip, AD-CWT=adipose clip+tag). No marking 
was done in 2012. Sandy Creek Pen/Direct site was not marked in 2013. 
 
 
Stocking Mark 2008 2009 2010 2011 2013 
New York       
Salmon R. AD-CWT 356 360 339 - - 
 AD - - - 356 - 
 No Mark - - - - 360 
Pen Sites AD-CWT - - 431 433 394 
 AD 233 314 76 75 58 
 No Mark - - - - 55 
Direct Sites AD-CWT - - 420 418 386 
 AD 210 1084 264 487 - 
 No Mark - - - - 519 
Ontario       
Credit R. AD-CWT 85 20 21 21 - 
 AD - 75 65 78 - 
 No Mark     100 
Other Sites AD 442 351 381 380 - 
 AD-CWT - 101 202 104 - 
 No Mark - - - - 607 




TABLE 2. Approximate+ numbers of AD-clipped and coded-wire-tagged Chinook Salmon stocked into 




  Pen Stocked Direct-stocked 
Site AD-CWT AD Total # Pens Fish/Pen AD-CWT AD Direct Total Total 
Black River  - - - - - - 159,000 159,000 159,000 
South Sandy  - - - - - - 100,000 100,000 100,000 
Salmon River  - - - - - - 352,000 352,000 352,000 
Oswego River  37,500 4,390 41,890 2 20,945 37,500 60,310 97,810 139,700 
Fairhaven 25,000  25,000 1 25,000 25,000 62,200 87,200 112,200 
Sodus Bay  37,500 12,500 50,000 2 25,000 37,500 22,500 60,000 110,000 
Genesee River 75,000 10,250 85,250 4 21,313 75,000 10,250 85,250 170,500 
Sandy Creek# 37,500 17,500 55,000 2 27,500 37,500 17,500 55,000 110,000 
Oak Orchard  75,000 31,653 106,653 5 21,313 63,937 0 63,937 170,590 
Eighteenmile 67,100  67,100 3 22,367 67,100 0 67,100 134,200 
Niagara River 75,000 - 75,000 1 75,000* 75,000 53,500 128,500 203,500 
Total 429,600 76,293 505,893 19  418,537 837,260 1,255,797 1,761,690 
*   Pen dimensions are nearly identical at all sites except Niagara where all fish are held in one larger pen. 
+     Actual stocking numbers varied slightly and are provided in Connerton (2011, 2012, and 2014). 




TABLE 3. Manual quality control results during operation of the AutoFish trailer at Salmon River 
Hatchery and post tagging in 2010, 2011 and 2013 (AD=adipose fin clip; CWT=coded wire tagged). No 
fish were marked in 2012.
Quality Control Year 
During Operation 2010 2011 2013 
# fish checked for AD 17,620 22,978 7,157 
% AD clipped 99.2 99.7 99.5 
    
# fish checked for CWT 13,539 12,097 7,157 
% with CWT 99.6 99.8 99.8 
% no AD clip, no CWT 0.04 0.12 0.17 
% AD clipped, no CWT 0.13 0.04 0.18 
  
Checked 21-30 days post-tagging  
# of Fish Checked CWT 2,906 3,028 2,364 
 Mean (SD) % AD Clipped 99.6 (1.0)    98.9 (1.7) 98.1 (1.0) 




TABLE 3.  Percent of sample from homing (H), straying (S) and wild (W) Chinook Salmon observed at 
the NYSDEC Salmon River hatchery and Salmon River angler harvest from 2009-2014. Estimated straying 
rates (SR) from other stocking sites to the hatchery (and in the angler harvest at Salmon River) were 
calculated for each year-class (at age) based on observed homing:straying ratios, stocking ratios, and 
assuming equal survival and straying from all sites. Avg= weighted average for year-class (weighted by 




  2008 Year-class  2009 Year-class  2010 Year-class 
Location Age H S W n SR  H S W n SR  H S W n SR 
Hatchery 1 88.6 8.6 2.8 175 7.7  74.1 25.3 0.9 451 9.0  67.7 26.7 5.7 405 10.8 
 2 83.4 15.5 0.1 446 15.0  74.8 23.2 2.0 552 8.2  64.5 20.0 14.0 400 9.0 
 3 81.9 11.5 6.6 61 6.5  75.6 18.6 5.8 107 5.9  51.4 22.0 26.5 306 13.2 
 4 80.0 20.0 0.0 5 20.0  20.0 20.0 60.0 5 25.7  0 62.5 37.5 8 28.1 
 Avg 84.6 13.4 1.4 - 12.4  74.3 23.6 2.2 - 8.4  61.6 23.3 14.5 - 10.9 
                   
Harvest 1 - - - 0 -  34.7 14.7 50.5 95 10.9  12.8 10.3 76.9 78 22.7 
 2 38.3 6.9 54.9 175 14.4  34.2 21.3 44.5 310 16.0  16.3 9.4 74.3 833 16.3 
 3 59.2 11.4 29.4 202 15.5  29.6 8.9 61.5 506 7.7  13.0 7.5 79.5 682 16.3 
 4 12.5 0.0 87.5 8 0  5.0 5.0 90.0 20 25.8  22.2 0.0 77.8 9 0 
 Avg 48.7 9.1 42.2 - 14.7  31.2 13.6 55.3 - 11.2  14.8 8.6 76.7 - 16.5 
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TABLE 4. Relative straying of pen-reared and direct-stocked Chinook Salmon from eight sites in New 
York to the Salmon River Hatchery for the 2010, 2011, and 2013 YC.  Numbers* of strays at SRH were 
standardize by numbers tagged and by the age-specific lake recovery ratio (pen:direct) for each site to 
evaluate straying to the hatchery. (See Methods for more explanation).  For sites with P-values ≤0.05 (in 
bold), strays of pen-reared and direct-stocked fish were significantly different at α=0.05. 
 
Note that the numbers of strays reported in Table 4 do not represent an absolute number of strays per 10,000 tagged; 
rather the values are relative to each other within and across sites. Likewise, comparisons across year-classes do not 
represent relative numbers of strays since recoveries are affected by sample sizes from 2011-2017. 
Stocking Site 
# Tagged Strays Per 10,000 Tagged Direct:Pen 
Straying Ratio 
Χ2 P-value 
Direct Pen Direct Pen 
2010 Year Class        
Niagara River 73835 73817 1.8 0.68 2.7 3.8 0.05 
Eighteenmile Creek 65779 64742 0.7 0.1 6.7 2.9 0.09 
Oak Orchard Creek 75449 61152 0.58 2.44 0.2 7.4 0.01 
Sandy Creek 36877 37097 2.76 1.08 2.5 2.7 0.10 
Genesee River 75300 71463 3.24 1.46 2.2 5.0 0.03 
Sodus Bay 37800 37294 11.12 3.7 3.0 13.9 P<0.001 
Fairhaven 24200 24895 6.42 3.72 1.7 1.8 0.19 
Oswego River 37307 37061 2.4 3.62 0.7 0.9 0.34 
2011 Year Class        
Niagara River 72997 74654 2.16 0.82 2.6 4.4 0.04 
Eighteenmile Creek 66208 64680 10.4 0.16 68.9 65.9 P<0.0001 
Oak Orchard Creek 71940 63280 53.56 1.66 32.1 348.3 P<0.0001 
Sandy Creek 37898 37108 27.34 2.12 13.0 81.6 P<0.0001 
Genesee River 73918 73530 6.4 1.08 5.9 27.9 P<0.0001 
Sodus Bay 35872 38120 29.08 13.94 2.1 19.5 P<0.0001 
Fairhaven 23989 25040 5.58 6.68 0.8 0.2 0.63 
Oswego River 37101 36333 2.54 1.48 1.7 1.0 0.31 
2011 Year Class        
Niagara River 75554 75453 4.38 3.24 1.4 1.3 0.26 
Eighteenmile Creek 65840 66584 4.66 1.68 2.8 9.3 0.002 
Oak Orchard Creek 75111 64753 7.26 5.26 1.4 9.3 0.14 
Genesee River 74967 74441 10.46 2.32 4.5 9.3 P<0.0001 
Sodus Bay 36979 37483 32.8 17.84 1.8 16.4 P<0.0001 
Fairhaven 25359 25790 17.72 28.1 0.6 9.3 0.01 
Oswego River 37102 38019 5.42 5.62 1.0 0.0 0.90 
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TABLE 5. Relative straying of pen-reared and direct-stocked Chinook Salmon from eight sites in New 
York to tributaries for the 2010, 2011, and 2013 YCs.  Numbers of strays were adjusted by numbers 
tagged and by the age-specific lake recovery ratio (pen:direct) for each site to evaluate straying among 
tributaries. (See Methods for more explanation).  For sites with P-values <0.05 (in bold), strays of pen-




# Tagged Strays Per 10,000 Tagged Direct: Pen 
Straying Ratio 
Χ2 P-value 
Direct Pen Direct Pen 
2010 Year-class        
Niagara River 73835 73817 5.4 10.4 0.52 11.04 P<0.001 
Eighteenmile Creek 65779 64742 16.8 13.6 1.24 2.11 0.15 
Oak Orchard Creek 75449 61152 8.2 13.6 0.61 7.83 0.01 
Sandy Creek 36877 37097 11.8 16.8 0.70 2.91 0.09 
Genesee River 75300 71463 8.8 9.2 0.94 0.08 0.78 
Sodus Bay # 37800 37294 5.6 6.8 0.83 0.25 0.62 
Fairhaven 24200 24895 18.4 12 1.54 2.92 0.09 
Oswego River 37307 37061 8.8 6.8 1.27 0.61 0.44 
2011 Year-class     
   
Niagara River ∆ 72997 74654 1.6 1.8 0.85 0.04 0.85 
Eighteenmile Creek 66208 64680 36.6 35.4 1.03 0.07 0.79 
Oak Orchard Creek 71940 63280 25.4 20.2 1.26 3.72 0.05 
Sandy Creek # 37898 37108 6.6 10.2 0.64 2.54 0.11 
Genesee River 73918 73530 7.8 7.8 1.00 0.00 1.00 
Sodus Bay + 35872 38120 5.6 12.4 0.46 8.79 0.003 
Fairhaven * 23989 25040 4.8 12 0.39 7.17 0.01 
Oswego River 37101 36333 3.6 3 1.18 0.004 0.84 
2013 Year-class     
   
Niagara River 75554 75453 6.6 8.2 0.8 1.20 0.27 
Eighteenmile Creek 65840 66584 27.4 32.2 0.85 2.49 0.11 
Oak Orchard Creek 75111 64753 22.2 27.2 0.82 3.16 0.08 
Genesee River 74967 74441 6.8 6.2 1.09 0.11 0.74 
Sodus Bay 36979 37483 13.2 23.6 0.56 10.11 0.002 
Fairhaven 25359 25790 15.2 26.8 0.57 7.70 0.01 
Oswego River 37102 38019 4.4 8.2 0.53 3.89 0.05 
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NOTES TABLE 6 
# Sodus 2010 YC recoveries were not homogenous among ages with 2013 significantly different from 2014 
(post hoc Bonferroni adjusted P=0.004), so only recoveries from 2012 and 2014 were pooled and results 
are shown above. Recoveries from 2012 (age 2, D:P=75:41) were tested separately, and results indicated 
significantly higher straying by direct fish (X2 =3.42, df =1, P=6.46e-02). 
∆ Niagara River 2011 YC recoveries were not homogenous among ages with 2013 significantly different 
from 2014 (post hoc Bonferroni adjusted P=0.004), so only recoveries from 2012 and 2013 were pooled 
and results are shown above. Recoveries from 2014 (age 3, D:P=51:16) were tested separately, and results 
indicated significantly higher straying by direct fish (X2 =18.6, df =1, P=1.64e-05). 
# Sandy Creek 2011 YC recoveries were not homogenous among ages with 2013 significantly different 
from 2014 (post hoc Bonferroni adjusted P=0.004), so only recoveries from 2012 and 2013 were pooled 
and results are shown above. Recoveries from 2014 (age 3, D:P=81:55) were tested separately, and results 
indicated significantly higher straying by direct fish (X2 =8.3, df =1, P=3.92e-03). 
+ Sodus 2011 YC recoveries were not homogenous among all ages (post hoc Bonferroni adjusted P: age 1 
vs 2=0.004; age 1 vs 3=0.02; age 2 vs 3=0.02), so recoveries from 2013 and 2014 were tested separately. 
Recoveries from age 1 (9:1) were not analyzed. Recoveries from 2013 (age 2) are shown above. Recoveries 
from 2014 (age 3, D:P = 66:51) were tested separately and results indicated no significant differences (X2 
=0.87, df =1, P=0.35).  
* Fairhaven 2011 YC recoveries were not homogenous among ages with 2013 significantly different from 
2014 (post hoc Bonferroni adjusted P=0.001), so only recoveries from 2012 and 2013 were pooled and 
results are shown above. Recoveries from 2014 (age 3, D:P=49:33) were tested separately, and results 
indicated significantly higher straying by direct fish (X2 =22.5, df =1, P=2.06E-06).  
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TABLE 6. Summary statistics of straying rates from stocking locations 2010-2013 YC. 
Stocking Location Proximity Mean Stray Rate (%) N SD Min Max 
Salmon River Distant 0.1 2 0.02 0.05 0.08 
 Near 0.9 1            -    0.93 0.93 
Oswego River Distant 2.5 11 1.85 0.83 5.25 
 Near 8.8 8 12.67 0.77 38.07 
Fairhaven Distant 4.8 8 6.66 0.41 17.46 
 Near 23.9 12 17.69 6.31 61.98 
Sodus Bay distant 6.9 22 11.70 0.18 51.00 
 near 8.5 6 2.30 5.41 12.05 
Genesee River distant 1.6 27 2.32 0.23 9.79 
 near 8.6 9 6.85 1.96 23.32 
Sandy Creek distant 6.8 19 7.51 0.76 28.22 
 near 7.3 6 3.09 3.08 12.56 
Oak Orchard Creek distant 5.3 26 3.92 0.51 14.51 
 near 6.0 10 5.68 0.26 17.84 
Eighteenmile Creek distant 5.5 27 4.40 0.21 16.28 
 near 15.0 12 6.70 7.58 25.47 
Niagara River distant 3.1 30 2.77 0.36 11.16 





TABLE 7. Summary of logistic regression analysis including model predictors, statistics, and odds ratios 
of straying by Chinook Salmon in Lake Ontario tributaries.  
Predictor: Level β Std. 
Error 




(Intercept) -8.91 1.91 -4.68 2.9E-06 ** 1.3E-04 3.2E-06 5.7E-03 
Stocking Location:         
Base= Niagara River         
Eighteenmile Creek 0.69 0.18 3.80 0.0001 ** 1.99 1.40 2.85 
Oak Orchard Creek 0.29 0.18 1.62 0.1057 * 1.34 0.94 1.91 
Sandy Creek 0.47 0.22 2.14 0.0321 ** 1.60 1.04 2.47 
Genesee River 0.04 0.20 0.22 0.8259  1.04 0.71 1.55 
Sodus Bay 1.51 0.20 7.73 1.11E-05 *** 4.54 3.10 6.69 
Fairhaven 0.29 0.18 1.66 0.0971 * 1.34 0.95 1.89 
Oswego River 0.18 0.28 0.66 0.5099  1.20 0.70 2.06 
Sex: Male 0.15 0.07 2.23 0.0255 ** 1.16 1.02 1.32 
Size at Release 0.06 0.01 4.30 1.72E-05 **** 1.06 1.03 1.09 
Julian Day at Site 0.03 0.01 4.34 1.43E-05 *** 1.03 1.01 1.04 
 
Significance codes (Sig): **** 0.001 *** 0.01 **0.05 *0.1 
Model null deviance: 805.9 on 136 degrees of freedom, AIC=1168 







FIGURE 1. Hypothetical straying and imprinting outcomes given different scenarios of pen-acclimation 






FIGURE 2. Map of Lake Ontario showing sampling regions and other locations in this report. Sites where 







FIGURE 3. Stocking date, release date, stocking size and release size for Chinook Salmon stocked into 





FIGURE 4. Recoveries per 10,0000 tagged of pen-acclimated, direct-stocked and brood Chinook Salmon 




FIGURE 5. Strays recovered (# per 1000 tagged per 100 samples) at the Salmon River Hatchery from 
pen-acclimated and direct-stocked Chinook Salmon from the 2010, 2011 and 2013 YCs.  Recoveries were 
standardized for numbers tagged and differential lake-survival among pen and direct treatments. 
Pen:direct recovery ratios were significantly different from stocking ratios at sites marked with an 
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FIGURE 6. Effect of varying survival and stocking levels on estimated straying rates at Salmon River 
Hatchery. Straying rates of Chinook Salmon to Salmon River Hatchery were modelled assuming equal 
survival and compared to straying rates assuming a 2:1 survival of pen and SR broodfish vs. direct-
stocked Chinook Salmon at three stocking levels used during the study from 2008-2010 (Table 2). A 
worst-case scenario was also modelled in which 1.4 million salmon were direct-stocked and 360,000 were 






FIGURE 7. Mean straying rates of Chinook Salmon from stocking locations and to capture locations for 
the 2010 and 2011, 2013 YCs. Capture locations of strays were classified as near (<30 km) or distant 
(≥30km) to the stocking location. Dots are estimated marginal mean straying rates and shaded rectangles 
represent confidence intervals for each level. Lines with arrows that overlap were not significantly 
different (α=0.05).  
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FIGURE 8. Digraph for straying to and from eight Lake Ontario tributary stocking sites (2010 YC). 
Arrows indicate direction of  straying to capture locations. Sites are connected if donor strays contribute 
more than 1% of adults to the receiving population. Increased line thickness and arrow size correspond to 
increased proportions of strays relative to the receiving population  (1–4.9%, 5–9.9%, 10-14.9%, 15-
20%). Node size corresponds receiving population size relative to strays (i.e., proportion of total sample 





FIGURE 9. Digraph for straying to and from eight Lake Ontario tributary stocking sites (2011 YC). 
Arrows indicate direction of  straying to capture locations. Sites are connected if donor strays contribute 
more than 1% of adults to the receiving population. Increased line thickness and arrow size correspond to 
increased proportions of strays relative to the receiving population  (1–4.9%, 5–9.9%, 10-14.9%, 15-
20%). Node size corresponds receiving population size relative to strays (i.e., proportion of total sample 
that were homing fish (in 10% increments: 41-50%, 51-60%...90-100% ).  Salmon River broodfish were 
not tagged in 2011 preventing calculation of proportion of homing fish there.  
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FIGURE 10. Digraph for straying to and from eight Lake Ontario tributary stocking sites (2013 YC). 
Arrows indicate direction of  straying to capture locations. Sites are connected if donor strays contribute 
more than 1% of adults to the receiving population. Increased line thickness and arrow size correspond to 
increased proportions of strays relative to the receiving population  (1–4.9%, 5–9.9%, 10-14.9%, 15-
20%). Node size corresponds receiving population size relative to strays (i.e., proportion of total sample 
that were homing fish (in 10% increments: 41-50%, 51-60%...90-100% Sandy Creek and Salmon River 





APPENDIX TABLE 5. 1. Size at stocking (pen) and release (pen and direct) , and julian day of stocking 
and release for pen-acclimated and direct-stocked salmon in at sites in Lake Ontario 2010-2013.  






2010 Eighteenmile Creek Direct 80 80 124 124 
2010 Fairhaven Direct 79 79 133 133 
2010 Genesee River Direct 78 78 132 132 
2010 Niagara River Direct 80 80 139 139 
2010 Oak Orchard Creek Direct 80 80 131 131 
2010 Oswego River Direct 80 80 127 127 
2010 Sandy Creek Direct 79 79 120 120 
2010 Sodus Bay Direct 80 80 131 131 
2010 Eighteenmile Creek Pen 69 86 103 124 
2010 Fairhaven Pen 69 92 105 126 
2010 Genesee River Pen 69 86 109 131 
2010 Niagara River Pen 79 88 117 136 
2010 Oak Orchard Creek Pen 73 88 108 130 
2010 Oswego River Pen 69 86 105 133 
2010 Sandy Creek Pen 69 83 105 125 
2010 Sodus Bay Pen 69 85 105 124 
2010 Salmon River Mouth 94 94 156 156 
2011 Eighteenmile Creek Direct 80 80 128 128 
2011 Fairhaven Direct 76 76 126 126 
2011 Genesee River Direct 79 79 130 130 
2011 Niagara River Direct 78 78 139 139 
2011 Oak Orchard Creek Direct 79 79 130 130 
2011 Oswego River Direct 75 75 131 131 
2011 Sandy Creek Direct 78 78 128 128 
2011 Sodus Bay Direct 77 77 135 135 
2011 Eighteenmile Creek Pen 71 86 107 129 
2011 Fairhaven Pen 72 86 108 129 
2011 Genesee River Pen 73 90 111 133 
2011 Niagara River Pen 79 87 121 139 
2011 Oak Orchard Creek Pen 71 87 109 130 
2011 Oswego River Pen 71 75 110 136 
2011 Sandy Creek Pen 71 84 108 129 
2011 Sodus Bay Pen 73 90 110 131 
2013 Eighteenmile Creek Direct 73 73 143 143 
2013 Fairhaven Direct 75 75 136 136 
2013 Genesee River Direct 75 75 143 143 
2013 Niagara River Direct 76 76 154 154 
2013 Oak Orchard Creek Direct 77 77 148 148 
2013 Oswego River Direct 70 70 125 125 
2013 Sodus Bay Direct 77 77 149 149 
2013 Eighteenmile Creek Pen 68 83 119 134 
2013 Fairhaven Pen 71 89 118 136 
2013 Genesee River Pen 68 86 121 149 
2013 Niagara River Pen 70 89 125 153 
2013 Oak Orchard Creek Pen 70 83 120 139 
2013 Oswego River Pen 70 71 122 124 





APPENDIX TABLE 5. 2. Recoveries of Chinook Salmon with coded wire tags from 2011-2017 in Lake 
Ontario tributaries. Chinook Salmon at Salmon River were only tagged in 2010 and at Sandy Creek in 
2010-2011. Sites are organized west to east. 
















Capture Location          
Niagara River 848 181 66 6 8 5 3 3 1 
Fourmile Creek 2 0 0 0 14 0 0 0 0 
Twelvemile Creek 8 9 2 0 0 0 0 0 0 
Johnson Creek 15 70 101 41 4 2 0 2 0 
Eighteen Mile Creek 112 1033 62 6 10 5 1 4 0 
Oak Orchard Creek 26 239 795 46 12 9 3 2 0 
Sandy Creek 15 102 96 212 21 9 3 0 0 
Salmon Creek 
(Hilton) 
0 0 0 0 2 0 1 0 0 
Genesee River 8 6 3 3 319 6 1 2 0 
Shipbuilder's Creek 3 2 3 0 21 1 0 2 1 
Allen Creek 0 1 1 0 7 0 1 0 0 
Mill Creek 5 1 2 2 11 5 2 4 0 
Irondequoit Creek 2 0 3 6 10 5 0 0 0 
Bear Creek 0 0 0 0 2 1 1 2 1 
Salmon Creek 
(Pultneyville) 
1 3 2 1 11 8 4 0 0 
Sodus Tributaries 18 16 22 17 46 120 45 9 0 
Fairhaven Tributaries 15 21 31 23 19 97 254 36 1 
Oswego River 19 108 157 40 20 84 75 490 15 
Catfish Creek 0 0 2 2 0 5 1 1 0 
Little Salmon River 8 2 8 6 3 9 10 12 27 
Grindstone Creek 1 1 0 1 1 0 1 0 3 
Salmon River 13 11 17 13 24 49 19 26 268 
South Sandy Creek 4 4 0 4 6 7 8 4 9 
North Sandy Creek 0 0 1 2 3 3 0 2 6 
Stony Creek 4 2 0 1 2 4 1 0 0 
Black River 11 7 6 0 6 23 11 7 4 





APPENDIX FIGURE 5. 1. Recoveries of Chinook Salmon with coded wire tags from 2011-2017 by 

















APPENDIX FIGURE 5. 2. Scatterplot of size at release versus Chinook Salmon recoveries at age 2 and 3 







CHAPTER 6. CONCLUSIONS 
Chinook Salmon have become naturalized in Lake Ontario and represent a key component of the 
Lake Ontario fishery. Both hatchery and wild salmon are important drivers of Chinook Salmon population 
dynamics and both require consideration when managing predator prey balance. Current management 
strategies for stocking enhance survival and lead to adequate imprinting to tributaries that benefit lake and 
tributary fisheries. Early life history differences between wild and hatchery Chinook Salmon result in 
smaller size at age and later age at maturity of wild fish. Although straying rates of Lake Ontario Chinook 
Salmon are similar to rates of natal ocean type, fall-run Chinook Salmon populations, the potential for local 
regional adaptation in Lake Ontario may be reduced currently because central rearing hatcheries produce 
and transplant fish throughout the lake. A self-sustaining predator population would represent a paradigm 
shift from an era when predation rates could be manipulated by adjusting salmonid stocking (Johnson et al. 
2010). Self-sustaining Chinook Salmon populations are possible in Lake Ontario in some locations 
however, the lake fishery and many tributary regions will continue to require hatchery supplementation to 
maintain high angler catch rates in intensive fisheries unless levels observed during this study (1989-2002, 
2008-2011 cohorts) increase. Fisheries managers can take steps to enhance natural reproduction if self-
sustaining populations are desirable, but new research and monitoring programs are necessary to quantify 
wild production potential and improve our understanding of stock recruitment relationships in Lake 
Ontario.  
In this section, I provide specific conclusions for each chapter and recommendations for future research. 
Chapter 2. This study developed and applied scale pattern analysis to distinguish wild from hatchery 
Chinook Salmon, and estimated proportion wild of age-3 salmon from 1992-2005.   
➢ Wild and hatchery origin Chinook Salmon are both important components of predator-prey dynamics 
and maintaining angler catch rates in Lake Ontario.  
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➢ Wild Chinook Salmon have been a significant proportion of population since the late 1980’s during a 
period in which the lake underwent many changes including dreissenid mussel invasion, 
oligotrophication, reductions in stocking, and associated changes in food web dynamics.  
➢ Future research could improve the precision of our estimate by sampling additional streams intensively 
for estimating densities of wild parr production or extensively to determine the extent of wild 
reproduction in New York and Ontario tributaries. These studies may also identify whether wild parr 
in some streams exhibit growth characteristics that are closer to hatchery fish, which could deflate our 
estimate of proportion of wild.  For example, it may be necessary to collect annual reference samples 
to accurately discriminate wild and hatchery fish if stream or hatchery conditions change over time.  
➢ In addition, future research could compare the results of our scale analyses with results from other 
techniques including otolith microstructure (Smith et al. 2006), stable isotopes (Gao et al. 2005) otolith 
microchemistry (Marklevitz et al. 2016), parentage-based tagging (Steele et al. 2019) or mass marking 
techniques. 
 
Chapter 3. This study determined the stocking origin of the Chinook Salmon harvest composition and 
compared the relative survival and imprinting of pen-acclimated and direct-stocked fish at eight sites over 
three cohorts in Lake Ontario:  
➢ Stocking site allocations were not important for providing quality fishing opportunities for much of the 
lake fishing season. Port-specific Chinook Salmon harvest in the lake from June-August was comprised 
of salmon stocked at sites throughout the lake, indicating a well-mixed population prior to the pre-
spawn staging period. A minority of the Chinook Salmon harvested by anglers at a port were stocked 
at the site or at nearby sites, with most originating from stocking sites greater than 30 km away. Fishery 
managers and lake anglers have often been very focused on allocating stocking totals to specific ports, 
believing that stocking origin was important for producing quality fishing opportunities there. This 
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study suggests that this is not the case for most of the fishing season from May-August when an average 
of 84% of the harvest occurs.  
➢ Stocking allocations to sites were important for providing quality fish opportunities in the lake during 
staging fisheries and in tributaries where natural reproduction is low. Stocked Chinook Salmon became 
more segregated in the lake in September with higher proportions of the harvest comprised of fish 
stocked at the site or nearby sites, suggesting that Chinook Salmon began staging in this period.  Most 
harvested fish in tributaries were stocked at the site or at nearby sites benefitting local fisheries.   
➢ Pen-acclimation provides fisheries managers the ability to achieve the survival benefits of stocking 
fingerlings at a larger size, while still achieving desirable imprinting to stocking sites. Pen stocking 
provided significantly better relative survival with an average of 2.1 times greater contribution to the 
lake fishery than direct stocking over the three cohorts studied.  After accounting for lake survival, pen 
stocking also provided significantly better returns to tributaries than direct stocking at some sites but 
not others so a universal imprinting advantage cannot be concluded. However, most hatchery Chinook 
Salmon harvested by tributary anglers in October were stocked at those sites indicating good imprinting 
of both pen and direct-stocked Chinook Salmon.  
➢ Increased survival of pen stocked fish may be at least partly responsible for increased abundance and 
catch rates post 2002.  Increased Chinook Salmon catch rates in the lake fishery (2002-present, Lantry 
and Eckert 2018), and lower proportions of wild fish (1998-2002, Chapter 2) coincided with increased 
use of pen-acclimation in 1999 and a declining preyfish population, underscoring the importance of 
evaluating outcomes when implementing new stocking policies. 
➢ Future research should evaluate relative survival and imprinting of pen projects and harvest 
composition in the Province of Ontario to confirm that pens provide the same survival and imprinting 
outcomes observed in this study. Chinook Salmon parr in Ontario are transferred to pens at larger sizes 
and from a hatchery outside of the Lake Ontario watershed so similar straying and imprinting outcomes 
may not be assumed.     
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➢ More research is needed to estimate survival of Chinook Salmon in Lake Ontario. This study 
demonstrated differences in the relative survival of two stocking strategies and the variability observed 
across stocking sites and cohorts. Murry et al. (2010) used virtual population analysis to estimate 
survival at age at the Salmon River and then assumed all stocked fish survived equally well. Based on 
results of our study, we know that their assumption was not correct, and future modeling efforts may 
include this information. Survival estimates via pit tagging or coded wire tags combined with carcass 
and creel estimates at a few key tributaries can provide a range of survival estimates, however Murry 
(2010) also suggested that changes in population abundance were influenced more by the variability of 
the contribution of natural reproduction than the variability of survival. Alternatively, developing an 
annual fishery independent index of adult abundance may aid in understanding changes in year class 
strength and variable angler catch rates, and may assist in calibrating statistical catch at age models. 
 
Chapter 4. This study determined the percent contribution of wild Chinook Salmon to lake and 
tributaries regions for four cohorts (2008-2011) and compared size at age and maturity of wild and 
hatchery fish. 
➢ Overall, wild fish represented on average 46% of the age-2 and age 3 harvest, with weighted average 
across ages percentages ranging from 37-61%. In some years and regions, proportions of wild age-3 
Chinook represented 75% of the harvest.  The apparent increase in wild reproduction in the Salmon 
River since 2011 (Bishop et al. 2020) raises doubt about the current ability of fisheries managers to 
affect abundance by altering stocking levels. 
➢ Proportions of wild Chinook Salmon vary by region. Proportions of wild Chinook Salmon in the Lake 
were significantly higher in east and Ontario regions compared with the west region. Observed 
differences may be related to distribution of wild reproduction in tributary regions. Proportions of wild 
Chinook Salmon in tributaries were significantly lower in NY east and west regions compared with the 
Salmon River. The Salmon River in New York is likely the largest single source of wild fish in Lake 
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Ontario given the large size of the river, high numbers of spawners, quality habitat, and significantly 
higher proportions of wild fish compared to other tributaries (Bishop et al. 2020).  
➢  Based on regional results, fisheries managers may also consider that any future reductions in stocking 
levels are likely to have the largest impact on fisheries in tributaries with the lowest proportions of wild 
fish; therefore, maintaining stocking levels at these tributaries may be needed to maintain regional 
angler catch rates during the fall. 
➢ Differences in early life history traits between hatchery parr (earlier, and punctuated egg hatching, 
larger size at date) and wild parr (e.g., later, and protracted egg hatching, smaller average size at date) 
may influence subsequent tradeoffs in fitness at later ages. Wild age-2 Chinook Salmon in this study 
were significantly smaller than hatchery fish in July and August in three of four cohorts studied. Age-
2 wild salmon also had wider and bimodal size distributions.  Results indicated that 58% of wild age-2 
salmon reached LM50 (the size at which salmon were at least 50% likely to mature) compared to 78% 
of age-2 hatchery salmon. 
➢ Future research: 
o directly compare the maturity of wild and hatchery salmon using direct determination of gonadal 
differences or back-calculation of size at age using scales (e.g., Morita et al. 2005) to verify our 
study results, which used an indirect method. Results should be incorporated into future population 
models. 
o Evaluate other techniques to distinguish wild and hatchery origin for annual indexing of wild 
proportions (otolith microchemistry, parental based tagging, or scale or otolith microstructure should 
be tested and verified for accuracy. Mass marking using Autofish is a reliable and accurate 
technology; however, it is still labor intensive to mark millions of fish stocked by agencies in the 
Great Lakes.  
o Establish similar seining index programs at several locations (Bishop et al. 2020). This would help 
determine whether production in other streams in each region are correlated (e.g, Ganaraska River 
or Wilmot Creek in Ontario, Oak Orchard, Sandy Creek in west region, and South Sandy, Little 
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Sandy in eastern region). Given the importance of Salmon River for wild reproduction, more 
research to understand the factors contributing to variability of wild year-class strength will benefit 
our understanding and ability to prediction strong and weak year classes (Bishop et al. 2020), e.g., 
annual reproduction is likely related to spawner abundance yet no measure of abundance is currently 
available. 
Chapter 5. This study evaluated straying of pen and direct-stocked fish to the Salmon River hatchery and 
among tributaries, estimated straying rates among tributaries, and considered the potential for local 
adaptation of Chinook Salmon in Lake Ontario. 
➢ Moving fish to pens reduced straying to the rearing hatchery. Straying to the rearing hatchery by pen-
acclimated salmon was significantly lower than direct-stocked salmon in 13 of 23 cases tested.  
Stocking method was not a significant factor overall for reducing straying among tributaries, indicating 
a similar degree of incomplete imprinting from both methods.   
➢ Straying is occurring mostly to nearby tributaries.  
➢ Larger stocking size and later stocking date were strongly associated with an increased probability of 
straying among tributaries suggesting that moving salmon to pens earlier or holding fish longer in pens 
could improve imprinting to release sites in Lake Ontario. 
➢ Accounting for survival of source and recipient populations was important when estimating straying 
rates. 
➢ Chinook Salmon straying rates in Lake Ontario are similar to reported straying rates in native ranges 
of the US Pacific Northwest for ocean type, fall run Chinook Salmon.  
➢ The potential for local adaptation by Chinook Salmon in tributary regions is reduced by stocking from 
central rearing hatcheries. Divergence may be occurring between hatchery stocks in Lake Ontario and 
original source of Great Lakes Chinook Salmon (Green River, Weeder et al. 2005). 
➢ Future research could evaluate local adaptation using genetic analysis to test for genetic divergence 
between Salmon River and Canadian hatcheries.  In addition, if developing self-sustaining populations 
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is a management objective, evaluating spawning and rearing habitat in Lake Ontario tributaries could 
help identify important spawning areas in need of habitat improvement or protection (Burnett et al. 
2007).   
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